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SECTION  1 


1.0  INTRODUCTION 

1.1  Purpose 

2 

This  report  presents  (1)  a comparison  of  I L in  contrast  to 

other  developing  bipolar  and  MOS  LSI  technologies,  (2)  considerations  in 

the  trade-off  of  electrical  performance  and  radiation  hardness  with  varia- 
2 

tion  of  I L design  parameters,  and  (3)  comments  on  the  probable  evolution 

of  semiconductor  LSI  technologies.  This  report  is  a supplement  to  an 

2 

NWSC  evaluation  of  I L,  which  includes  characterization  of  advanced 
microcircuits  and  evaluation  of  hardened  system  microcircuit  performance 
requirements. 

1 . 2 Scope 

The  comparative  evaluation  is  defined  by  the  technologies 
considered  and  the  electrical  performance  parameters  selected  as 
the  basis  of  comparison.  Microelectronic  technologies  to  be  considered 
include:  i 

transistor-transistor  logic  (TTL) , 

Schottky-clamped  TTL  (S/C  TTL), 

I radiation-hardened  TTL  (R/H  TTL) , 

j emitter-coupled  logic  (ECL) , 
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nUograti'd  injoct  ion  loj;io  (.1~1.), 


p-MOS, 
ii-MOS , 

CNKIS , 
l'NK)S/SOS. 

I’orl'ormanco  paramotors  oons itforoil  as  hasis  tor  oom[iai'isoti  iiiohulo: 

00 11  vlonsity, 
switohiiij;  spood, 

power  dissipation  (stat  io  and  dynamio) , 
spood-i>owor  product , 
output  drive  capability, 
noise  immunity,  and 
temperature  rank;e 

for  electrical  performance  parameters,  and 

neutron  damajje  suscept  ibi  1 it)’, 

loiiki-term  ionization  damajic  susceptibility, 

transient  lojjic  upset,  and 

electrical  pulsed  overstress  suscept ibi 1 it\ 

for  nuclear  radiation  h.irdness. 

In  tlie  trade-off  evaluation,  critical  design  parameters  of  the 

■> 

basic  1"1.  inverter  are  considered  in  terms  of  electrical  performance  and 

b 


i 


radiation  liardiioss.  \ariatioii  ot  design  parameters  tor  increasing  hardness 
are  considered  in  terms  of  possible  com’promise  of  electrical  perfomrance 
parameters.  ITiis  conpromise,  when  present,  will  force  a trade-off  between 
pertormance  and  liardness  and  suggests  tlie  possibility  of  different  design 

criteria  for  different  radiation  spec  i fic.it  i ons . ■ 

1 

I'volution  of  semiconductor  technologies  is  discussed  in  terms  of  | 

those  that  seem  most  promising  at  the  moment.  I'hese  include  higli  density  j 

t I 

n-MO.S  (which  leads  into  l!fl'  .irr.i>sl,  t■^K1.S/ SO.S , .ind  advanced  1“1.  structures.  j 

: 

1.3  Background 

Integr.ited  Injection  l.ogic  (or  Merged  I'ransistor  l.ogicl  was 
originally  proposed  in  li'TJ  liy  researchers  at  ll'M-Boebl  ingen  fi'r  applica- 
tion in  .1  high-density,  low-power  memor\',  and  b}'  rese.irchers  at  I’hillips- 
1 indhoven  for  .ipplication  in  I ight -['owered  instrumentation.*  I'erformance 
ch.ir.icter ist  ics  of  l“l,  .irrays  were  exclusive!)'  publisiied  b>'  IBM  and  l’hilli[is 

through  ig’'4  in  several  technical  I'apers.^”^  In  ig74,  the  first  papers 

•> 

were  published  on  the  design  considerations  .md  modeling  of  l“l,  logic  j 

8 11' 

cells  ■ , .IS  well  as  the  tirst  suggestion  for  performance  improvement  , i 

bv  process  modification  (oxide-isolation).'^  Results  were  presented  t j 

I 

.It  the  irii;  l.lectron  beiice  Meeting  which  examined  the  sensitivity  of  the  ; 

> f 

I'l,  inverter  gain  to  the  ch.iracterist  ics  of  the  n isolation  collar'"’,  ] 

and  the  first  major  structural  variation  of  the  structure  (substrate-  ’ i 

j 

fed- logic)  was  proposed  as  a performance  advantage.'**  farly  in  lll7S, 
lex. IS  Instruments  revealed  its  major  development  effort  in  1*1,  by  the 

.innouncement  of  the  .SBP  0400  microprocessor.  | 

■>  j 

I'here  have  been  extensive  publications  on  1“1.  and  its  variations  \ 

from  1075  to  the  present.  I'hese  publications  general  1\  f.ill  into  categories  j 

of  (1)  product  design  and  performance  considerat  ion.s*  ^ 

7 
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variatiaiis  on  the  l>as  ie  s t mic  t ii  re  to  iiiij>rove  eleetrieal  perforiiiaiiee  (e.i:., 
the  use  ot  Schottky  il  ioJes  , ' ^ ’ * ' ’ * subst  r.it  e- 1 eil- loi;  ie  , ' \ertieal  injec- 
tion loijic,^’  aiul  foUleil-col  lector  loi;ic*’'),  (^3)  moUelini;  of  the  baseline 
l“l.  structure,  (^4)  characterization  of  ravliation  effects  on 

available  test  st  ructures ^ ^ ^ ‘ ^ There  are  also  a few  papers 

that  provide  data  in  a comparison  of  com['et  i t i ve  l.Sl  t echnoloi;  ies , ' ^ ‘ 
as  well  as  criteria  that  can  be  used  in  comparison.’^  Txcludinj;  the  earliest 
papers,  most  published  results  on  1“1.  consider  it  onl>  as  a digital  arra>’ 
rather  than  as  a digital  pocket  in  a junct ion- i solat ed  digital  analog  arra\ . 

The  process  considerations  in  combined  digital, analog  arra>s  are  complex,’^ 
and  have  >et  to  result  in  a commercial  product. 

•> 

OoO  involvement  in  the  development  of  1“1.  techuologv  has  been 
rel.it  ively  modest.  liCOM  sujiported  a design  stud>  in  an  l-f  freiiuency 
synthesizer  development  as  well  as  a follow-on  effort  to  define  perform- 
ance/yield  trade-offs  in  LSI  sliift-register  arra\s.‘*'’  Programs  in  cliarac- 
terization  of  railiation  effects  on  available  test  structures  have  been 
supported  since  1P74  by  DNA  through  a Northrop  contract. and  b>  the 
Naval  Weapon  Supj'ort  Center  with  Naval  Special  Project  Office  support. 

More  recently,  these  studies  have  been  supplemented  l\v  IRt'd'  studies  at  1 

General  flectric,  Boeing,  Fairchild,  and  Harris  Semiconductor. 

1.4  Summary 

Comparison  of  evolving  l.Sl  technologies  is  difficult  because  of 

the  wide  variiitions  in  the  nature  of  competing  technologies  and  in  require- 

•» 

ments  of  potential  applications.  Results  of  comparing  I"!,  to  other  l.Sl 
technologies  are  sununarized  subjectively  in  Table  l.l.  These  results  are 
supported  quantitatively  in  the  body  of  this  report.  From  this  subject i\e 
comparison,  it  is  clear  that  I“l.  is  a superior  l.Sl  technology  in  terms  of 

cell  density,  power  dissipation,  speed-iiower  product,  and  transient  logic  . 

■>  ^ 
upset  level.  PI.  is  better  in  switching  speed,  outinit  drive  capability, 
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tonnK'raturo  range,  long-tom  ionisation  susceptibility,  high  dose  rate 
survivability,  and  electrical  pulsed  overstress  susceptibility  than  most 
MOS  technologies,  but  ia  generally  weaker  than  most  nipolar  technologies 
in  these  categories.  On  the  other  hand.  Pi,  is  at  a definite  disadvantage 
to  both  bipolar  and  MOS  technologies  in  terms  of  neutron  damage  susceptibility 
and  noise  immunity.  All  of  the  microcircuit  technologies  are  capable  of 
performance  over  the  full  military  operating  temperature  range  pSS  to  +PS''C') 
with  the  e.xception  of  n-MOS,  which  is  generally  restricted  to  (1  to  '’(PC 
operation.  In  general,  the  temiierature  design  jiroblems  are  most  critical 
for  bipolar  technologies  at  low  temiieratures  and  most  critical  for  MOS 
technologies  at  high  temperatures. 

For  the  trade-off  analysis,  the  "four"  mask,  epita.xial  form  of 

•> 

PL  can  be  defined  as  the  conmiercial  "baseline".  Hvaluations  have  been 
conducted  by  many  laboratories  to  determine  electrical  performance  with 
design  variations,  and  some  data  is  also  available  on  radiation  effects 
of  these  structures.  Two  t)'pes  of  considerations  are  identified.  The  first 
is  an  increase  in  pre- irradiat ion  design  margins  for  the  same  degradation 
with  radiation  stress.  In  tliis  case,  hardness  can  be  increased  by  the 
additional  stress  required  to  consume  tlie  additional  design  margin. 

An  increase  in  design  margin  of  some  parameters,  however,  can  degrade 
other  perfomance  parameters  of  the  array  and  set  up  the  conditions  for 
a trade-off.  For  e.xample,  a geometry  cliange  to  increase  inverter  gain 
will  increase  tlie  design  margin  for  neutron  damage;  but  the  same  change  can 
decrease  switching  response  and  speed-power  product.  The  second  case  is  a 
decrease  in  parameter  sensitivity  with  radiation  stress,  even  for  the  s;une 
initial  design  margin.  /\n  e.x;imple  would  be  modification  in  processing  to 
harden  oxide  passivation  layers,  wliicli  may  reduce  long-tenn  ionization 
effects  with  little  effect  on  initial  design  margins.  It  is  also  possible 
to,  in  the  best  case,  increase  initial  design  margins  and  decrease  radiation 
damage  sensitivity.  ;\n  example  would  be  a decrease  of  njin  transistor  base 
width. 
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Table  1.1  Subjective  Comparison  of  LSI 
Technologies 
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The  overall  conclusion  of  the  trade-off  evaluation  is  that 

2 

radiation  hardness  improvements  can  be  achieved  in"baseline"  I L,  some  of 

which  require  performance  compromises.  It  is  clear,  however,  that  not  all 

2 

radiation  hardness  goals  can  be  met  by  the  baseline  I L technology  and 

2 2 
advanced  I L structures  must  be  investigated  to  determine  1 L applicability 

in  most  severe  application. 

Results  of  the  NWSC  efforts  show  substantial  promise  in  advanced 

2 

I L structures  obtained  from  both  Harris  Semiconductor  and  Hughes  Semi- 
conductor. Principal  competition  in  evolving  LSI  technologies  for  commer- 
cial technologies  is  n-MOS  and  its  evolution  to  CCD  arrays.  Application 
of  n-MOS/LSI  to  military  systems,  however,  seems  discouraging  because  of  the 

trend  to  optimize  for  performance  rather  than  temperature  range  or 

2 

radiation  hardness.  Principal  competition  to  advanced  1 L for  military 

applications  is  CMOS/SOS.  It  remains  to  be  established,  however,  that 

CMOS/SOS  is  of  sufficient  commercial  LSI  base  or  hardness  to  long-term 

ionization  effects  for  hardened  system  applications.  In  many  ways,  ad- 
2 

vanced  I L and  CMOS/SOS  are  similar  as  low-power  LSI  technologies,  but 
are  quite  complementary  in  key  aspects  of  performance  limitations  and 
radiation  susceptibility. 
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SECTION  2 


2.0  COMPARATIVE  EVALUATION 

A detailed  quantitative  evaluation  between  l.Sl  technologies  is  a 
complex  and  demanding  task.  Pci'formance  par;uneters  of  tlie  princijial  LSI 
technologies  are  reviewed  to  present  a discussion  of  tlie  relative  tretuls  in 
performance  and  to  finally  suj'port  the  subjective  comparison  presented  in 
the  summary. 

lilectrical  pcrfonnance  data  on  the  LSI  technologies  was  obtained 
from  that  published  in  standard  i)roduct  catalogs'*^  and  technical  review 
articles.'"’  Radiation  effects  data  were  obtained  from  published  results 
of  studies  on  conunercial  LSI  arrays , ^ ^ ^ hardened  microc i rcu i t s'’'*  and 
LSI  test  cells."'’” 

2.1  Cell  Density 

Cell  density  is  a critical  LSI  parameter  which  reflects  component 
yield.  For  a wafer  with  spacially-distributed  defects,  increasing  cell 
density  can  allow  arrays  of  given  coinjilexity  to  be  realized  at  greater 
yield. 

Two  criteria  can  be  considered  as  representative  of  cell  ilensit)’ 
for  a given  LSI  technology.  The  first  is  the  geometry  of  a Inisic  logic 
cell  for  state-of-the-art  mask- layout  rules,  i'ypically  this  wouKl  be  a 
basic  inverter  of  nominal  fan-out  capability.  A second  criteria  represen- 


tative  of  cell  Jensity  is  the  niaximuin  coiiii)lexity  of  available  arrays.  This 
l\as  tlie  advantage  tl\at  practical  limitations  dne  to  layout  problems  and 
overall  processing  complexities  are  imj)licitly  included.  The  disadvantage 
of  using  maximum  complexity  of  arrays  as  a criteria  is  tlie  difficulty  in 
defining  an  accurate  measurement  of  element  complexity  for  arrays  of  dif- 
ferent functions  and  teclinology.  As  a [)ractical  matter,  tlien,  tlie  comparison 
must  be  made  of  memory  arrays  of  common  function  whicli  gives  a subtle 
advantage  to  those  technologies  that  lend  tiiemselves  to  a larger  number 
of  regular,  simple  cells.  This,  tl\en,  may  not  be  completely  representa- 
tive of  irregular  I.Sl  logic  arrays. 

bogie  cell  geometries  for  sevei-al  of  the  bSl  technologies  which 
are  definei'  in  l-igure  2.1  are  representative  of  tlie  logic  cell  criteria. 
Typical  memory  array  comiilexit  ies  presently  available  are  sununarized  in 
Table  2.1  as  representative  of  the  alternate  criteria,  liven  for  tlie 
memories,  however,  there  are  variations  in  coding  and  decoding,  as  well  as 
variations  in  yielil  that  are  considered  acceptable  at  a marketable  jirice. 

Considering  these  criteria,  i"!.  offers  the  highest  cell  density 

of  all  bipolar  technologies  and  is  comparable  to  that  of  silicon-gate  n-MOS 

and  CMOS/.SOS  which  are  comparable  as  the  highest  cell  density  of  the  MOS 

•> 

technologies.  Specific  variations  between  I“L,  n-MOS,  and  CMOS/SOS  will 
depend  principally  on  the  cleverness  ot  the  design,  allowable  design  margins 
in  circuit  and  processing  parameters,  and  the  severity  of  environmental 
reciuirements.  It  is  interesting  to  note  that  each  of  these  high-density 
technologies  are  based  on  commercial  jiroducts,  and  each,  in  turn,  are 
highly  susceptible  to  radiation  effects. 

I'or  other  bipolar  technologies,  Schottky-clamped  TTb  is  ot 
highest  cell  density  with  a slight  edge  over  T.Cb,  conventional  ITb  and 
rad i at  ion- hardened  TTb.  The  principal  reason  that  these  bipolar 


1 
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Figure  2.1  Representative  Logic  Cell  Geonetries 


Table  2.1.  Comparison  of  Cell  Density  from  Memory 
Array  Complexities. 


Static 

RAM 

Dynamic 

RAM 

ROM 

Relativt 

Array 

Size 

i Density 

Cell 

Size 

TTL 

64 

no  data 

1.024 

0.05 

0.1 

S/C  TTL^^ 

256 

no  data 

2,048 

0.2 

0.2 

ECL"^ 

128 

no  data 

256 

0.1 

- 

i2l25 

no  data 

4,096 

no  data 

1.0 

1.0 

p-MOS  ^ ^ 

no  data 

1.024 

16,384 

0.5 

0.45 

n-MOS**^ 

1 ,024 

4,096 

8,196 

1.0 

0.8 

CMOS “ 8 

256 

no  data 

no  data 

0.25 

0.1 

CMOS/SOS^o 

1,024 

no  data 

no  data 

1.0 

- 

No  R/H  TTL  memory  array  is  presently  available  as  a standard  product. 
It  is  assumed  that  the  density  would  be  slightly  less  than  that  of 
S/C  TTL. 
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■> 

technologies  are  an  order-of-magnitude  less  dense  than  I*"!,  is  tlie  area 
required  by  diffused  or  thin-film  resistor  elements.  Tins  is  comiiounded 
in  overall  performance  considerations  by  tlie  increase  in  resistor  geometry 
generally  necessary  in  low-power  designs  making  both  objectives  in  contrast. 

Imi)roved  cell  tiensities  in  MO.S  teclinologies  are  tlie  result  of 
replacing  load  resistors  by  small-geometry  active  elements.  In  a>ldition, 
CMOS/SO.S  elements  can  be  closed-sj)aced  on  a dielectric  substrate.  The 
advantage  of  silicon-gate  n-MOS  is  the  e.xclusive  use  of  higli  mobility  n-MOS 
transistor  elements  and  an  effective  two-layer  cell  interconnection  cap- 
ability. The  relative  decrease  in  density  for  p-MOM  is  due  to  the  relatively 
low  cliannel  mobility.  TIte  cell  density  of  bulk  TMO.S  is  limited  bj'  the  re- 
latively large  number  of  elements  required  as  well  as  tlie  necessity  of  guard 
bands  to  prevent  parasitic  transistor  effects.  In  general,  however,  ail  MOS 

technologies  offer  a substantial  advantage  in  cell  density  compared  to  bi- 

■> 

polar  technology  with  the  recent  exception  of  I'"!,,  i'his  advantage  in  cell 
density  has  been  a major  factor  in  the  rapid  development  of  MUS/l.Sl. 

2.2  Electrical  Switching  Speed 

The  electrical  switching  speed  of  an  array  is  determined  b>’  the 
signal  propagation  delay  of  the  internal  logic  cells  and  by  the  time  re- 
quired to  drive  an  external  load.  In  addition,  tlie  nature  of  switching 
speed,  as  influenced  by  ojierating  conditions,  varies  between  ISl  techno- 
logies. Tliis  variation  with  test  condition  can  be  defined  into  tliree 
categories; 

1.  fixed  supply  voltage,  switching  response  such  as  ITl., 

S/C  ITL,  LCL,  p-MOS,  n-MOS, 

2.  variation  of  switching  time  with  supply  voltage  such  as 
CMOS,  CMOS/ SOS,  and 
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3.  variation  of  switching  time  with  bias  current  such  as  i 

•>  j 

]“L  wliere  in  addition  in  each  case,  there  is  a variation  ] 

in  each  case  with  specified  load. 

Typical  switching  times  [i.e.,  projiagation  delay)  are  suiiunarized 
in  Table  2.2  for  the  variety  of  LSI  technologies,  for  tlie  TTL  technologies 
the  switching  time  varies  with  the  design  parameters  as  reflected  by  the 
nominal,  -L  and  -II  standard  series.  Similarly,  the  switching  response 
of  fCL  arrays  is  a function  of  circuit  design.  The  value  quoted  in  Table 
2.2  is  representative  of  the  Motorola  10,(100  series  which  is  a comjjromise 
between  the  fastest  switching  speed  and  power  dissipation. 

flectrical  switching  response  of  MOS/LSl  arrays  is  a function  of 
design  for  single-polarity  (,p-  or  n-M(lS)  or  design  and  supply  voltage  for 
CMO.S.  In  general,  the  switching  time  decreases  with  increasing  supply 
voltage,  but  the  nature  of  the  circuit  operation  requires  specific  voltages 
for  p-/n-M0S  while  CMOS  can  bo  operated  over  a wide  range  in  sujiply  voltage. 

Increasing  the  supply  voltage  also  increases  the  output  drive  capability 
of  a CMOS  array;  however,  the  supply  voltage  is  limited  by  drain-source 
punchthrough  of  individual  transistor  elements. 

flectrical  switching  response  of  1“L  is  a function  of  the  in- 
jector bias  current.  At  low  currents  the  speed-power  i)roduct  is  constant. 

Therefore,  1 pJ  1“L  will  have  a propagation  delay  ot  approximately  200  ns 
at  a bias  current  of  1 (lA  per  stage.  At  high  bias  currents,  the  switching 

response  is  limited  by  carrier  storage  time  in  the  npn  transistor  element. 

■> 

The  minimum  propagation  delay  is  on  the  order  of  10  ns  for  "baseline"  1“1. 
technology. 

from  the  data  presented  in  Table  2.2,  bipolar  technology 
generally  has  a switching  speed  advantage  over  the  MOS  technology.  The 
overlapped  exceptions  are  1“!.  which  is  a relatively  slow  bipolar  tech- 
nology and  CMOS/SOS  which  is  the  fastest  of  the  MOS  technologies. 
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Table  2.2  Summary  of  LSI  switching  response. 


Technology 

Propagation 

Delay 

Load 

Test 

Conditions 

a.  TTL:  54L 

TTL:  54 

TTL:  54H 

S/C  TTL:  54LS 

S/C  TTL:  54S 

R/H  TTL:  R54L 

R/H  TTL:  R54 

R/H  TTL:  R54H 

ECL 

l\ 

I^L 

l\ 

33  ns 

10  ns 

6 ns 

10  ns 

3 ns 

45  ns 

10  ns 

8 ns 

2 ns 

1 pS 

20  ns 

10  ns 

50  pF/4kSl 

15  pF/400fi 

25  pF/280il 

15  pF/2kil 

15  pF/280k$l 

50  pF/4kil 

15  pF/400i2 

25  pF/280ii 

C|_  = 10  pF 

C^  = 10  pF 

C|_  = 10  pF 

Vcc  = 5 V 

Vcc  = 5 V 

V.,.  = 5 V 
cc 

Vcc  = 5 V 

Vcc  = ^ V 

Vcc  = 5 V 

Vcc  = 5 V 

Vcc  = 5 V 

Vee  = -'-2  V 

Iee  = 1 hA 

I^E  ” 

I^^  = 1 mA 

b.  p-MOS 

250  ns 

C|_  = 20  pF 

+5  V/-12  V 

n-MOS 

100  ns 

c.  CMOS 

70  ns 

C|_  = 20  pF 

Vdd  = 5 V 

CMOS 

30  ns 

C^  = 20  pF 

Vqd  = V 

CMOS 

25  ns 

C^  = 20  pF 

Vdd  = 15  V 

d.  CMOS /SOS 

2 ns 

ring  counter 

''do  = '' 

CD4007 

4 ns 

C^^  = 2.8  pF 

V = 12  V 

DD 

CD4007 

25  ns 

C^^  = 30  pF 

Vdd  = 10  V 

a.  T.I.  TTL  Data  Book  for  Design  Engineers** 

b.  Intel  Standard  Products  Catalog*** 

c.  RCA  COS/MOS  Data  Book**® 

d.  NRTC  CMOS  System  Study  Report*** 
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2.3 


Power  Dissipation 


ilio  power  >.lissii)at  ioi\  in  an  I. SI  arra)’  is  to  various  dojiroes  a 
tunet  ion  ot‘  cell  desii;n,  clock  rate  (or  t'reiiuenc)'  of  operation)  aiul  output 
loailiiii;.  l-'or  bipolar  technologies  tlic  power  dissi[>ation  is  j;enerall>’  tlie 
same  for  either  static  or  il\namic  operation  and  determined  by  either  the 
fixed  circuit  desi.cn  or  bias  current,  for  p-/n-MOS  technolocy,  the  power 
dissipation  increases  with  increasinc  freiiuency  of  operation,  but  the 
static  power  dissiinition  (excludinc  dyiuuiiic-onl y arrays)  is  a sicmficant 
fraction  of  the  total.  fMOS  arrays,  on  the  other  hand,  exhibit  very  low 
static  power  d i ss  i(>at  ion , but  a stronj;  variation  of  dynamic  dissiiiation 
with  frei.(uenc>  ot'  operation  and  outinit  load. 

l.ocic  cell  power  dissipation  for  tlie  l.Sl  technolocies  are  sum- 
marized in  fable  J..>  for  static  operation  and  operat  ion  at  a clock  rate 
of  1 Mill. 


In  coneral,  the  NK)S  t eclinoloc i es  have  an  advantace  in  power 

dissipation  over  the  bii'olar  technoloj;ies , with  the  dramatic  exception  of 
> •> 
l“l..  fhe  low  power  dissipation  of  l“l,  and  CMOS  at  low  clock  rates  is 

particularly  impressive.  flie  principal  difference  is,  however,  tliat  the 

low  power  operation  of  l“l.  must  be  obtained  by  low  bias  and  lone  switchinc 

times  must  be  specified.  Witli  the  switchinc  transistor  time 

remains  constant,  but  the  total  aver.ice  power  dissiiiation  decreases  witli 

decreasinc  clock  frequency. 

2.4  Speed-Power  Product 

because  of  the  comple.xit  ies  in  comparini;  switchinc  speed  and 
power  dissip.it  ion  between  various  I, SI  technolocies , the  product  of  power 
dissipation  and  switchiny;  speed  h.is  been  used  as  a fii;ure  of  merit,  for 
most  l.Sl  technoloyties , this  is  a straiyiht  forward  product  of  the  static 
power  dissipation  and  loy;ic  cell  propayyation  delay. 
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Table  2.3.  Summary  of  LSI  Power  Dissipation. 


Power  Dissipation  per  Gate 

Test 

Static 

Dynamic 

Conditions 

TTL:  54L 

1 mM 

V = 5 V 
cc 

/ X c 1 \ 54 

10  mW 

V ^ = 5 V 

(ref. 51 ) 

cc 

54  H 

22  mW 

V = 5 V 

cc 

S/C  TTL:  54LS 

2 mM 

Vcc  - 5 V 

(ref. 51)  54S 

19  mW 

Vcc  = ^ V 

R/H  TTL:  R54L 

1 mW 

Vcc  = 5 V 

(ref.  51)  R 54 

10  mW 

Vcc  = ' V 

R54H 

23  mW 

Vcc  = 5 V 

ECL  (ref. 46) 

25  mW 

% = V 

I^L  (ref.  24) 

0.7  uW 

= 1 pA 

40  uW 

Iff  = 50  pA 

800  uW 

= 1 niA 

p-M0S(ref.45) 

1 mW 

n-MOS(ref.45) 

0.3  mW 

Intel  2104 

CMOS  (C04000B) 

5 pW 

1.5  pW/kHz 

Vdd  = ^ V 

(ref.  48) 

10  uM 

6 pW/kHz 

Vdd  = V 

15  pW 

16  pW/kHz 

Vdd  = 1^  v 

CMOS/ SOS 

12  pW 

15  pW/kHz 

Vdd  = 12  v 

(ref.  54) 

riu'  oaUnilatioM  bocomos  more  I'omplox,  liowovor,  wIhmi  the  Uynamif 
powor  ».l  i ss  ipat  ion  dominatos  tin.'  static  power  dissipation.  An  additional 
ipiostion,  ooiiuiion  to  all  new  low-i)ower  LSI,  is  aeeonntinf;  for  the  energy 
which  imist  be  committed  to  tlie  external  capacitive  load,  for  a loj^ic 
swini;  of  5 volts  and  a JO  pL  output  capacitance,  the  load  eneri;)  is  JSO  pJ . 

This  is  a very  sii;nificant  ener.cy  in  .in  LSI  t eclino loj;>-  where  the  internal 
ener.cy  for  information  stor.ij;e  is  comparable  to  or  less  than  the  load  eneri;>’. 

Speeil  power  proilucts  for  tlie  LSI  t echiK>loi; ies  are  summaricev.!  in 

fable  J.-l. 

2.5  Output  Drive 

Consideration  of  output  drive  and  comp.irison  of  LSI  is  another 
cviniplex  situation.  In  i^ener.il,  either  ^K1S  or  bipol.ir  elements  can  be 

desij;ned  to  drive  virtuall)'  .in.v  microelectronic  lo.id.  I'he  pr.ictical  re-  ] 

strict  ion,  however,  is  the  total  element  >;eometr>'  tluit  can  be  committed  I 

to  the  output  interface  necessary.  in  MOS  t echno K\c i os , the  output  drain  I 

current  of  .i  transistor  element  can  be  expressed  up  to  pinch-off  as, 

I : 

With  the  minimum  len.cth  of  the  ch.iniiel  restricted  b>  mask  tolerances  and 
cons ider.it  ions  of  volta.ce  breakdown,  the  outi)ut  conductance  is  then  pro- 
portional to  the  channel  width.  Increasiiij;  the  ch.innel  width,  however, 
increases  the  >;.ite  c.ipacitance  of  the  output  stajte  and  increases  the  capaci- 
tance load  on  the  internal  loi;ic  cell.  fhis  increase  in  capacitance  has 
.1  first-order  effect  on  cell  electrical  switchinj;  response  time. 

I'he  i>utput  conductance  of  MtkS  transistor  elements  is  proportional 
to  the  channel  mobility.  fhus , n-channel  elements  have  an  advantajje  of  about 
a f.ictor-of-three  over  p-channel  element.s  due  to  the  relative  value  of  elec- 
tron and  hole  mobility  in  bulk  silicon.  I'he  decrease  in  carrier  mobilitv  f 
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Table  2.4  Summary  of  LSI  Speed-Power  Products 

TTL:''54L  33  pJ  '^cc  " ^ 

54  100  pJ  ^cc  " ^ ^ 

54HH  132  pJ  '^cc  " ^ 

S/C  TTLr54LS  19  pJ  '^cc  " ^ 

54S  57  pJ  ^ 

R/H  TTL:'R54L  45  pJ  '^cc  " ^ 

R54  100  pJ  '^cc  " ^ 

R54H  173  pJ  ''cc  " ^ ^ 

ECL""  50  pJ  = -5.2  V 

I^l''  0.5  pJ  = 1 pA 

1 .0  pO  = ^0  pA 

5.0  pJ  ^EE  ^ 


p-MOS**^  100  pJ 


n-MOS"^ 

10  pJ 

CMOS*"' 

125  pJ 

V„„  . 5 V , . 0 

500  pJ 

Vqd  - 10  V , Cl  - 0 

2400  pJ 

V,D  = 15  V , Cl  - 0 

750  pJ 

Vqd  = 5 V , Cl  = 50  pF 

3000  pJ 

''do  = 10  V , Cl  = 50  pF 

8000  pJ 

\Iqq  = 15  V , Cl  = 50  pF 

CM0S/S0S*5“ 

72000  pJ 

l^DD  ^ 

* 

Energy  per  switching 

transition 

1 

22 

P.'JW  JI.  Hi- rim..  r-  ..  .. 

with  increasing  temperature  is  a significant  design  consideration  for  MOS 
arrays . 


The  output  conductance  of  MOS  elements  on  sapphire  is  somewhat 
less  than  that  of  bulk  silicon  due  to  a decrease  in  carrier  mobility.  This 
decrease  in  mobility  may  be  as  great  as  a factor-of-three  for  thin  silicon 
films  on  a sapphire  wafer.  Research  is  still  underway  to  improve  the  semi- 
conductor quality  of  the  silicon  film. 

For  bipolar  transistors,  the  output  drive  is  typically  that  of  a 
common- emitter  collector  current  which  can  be  expressed  as, 

r 0V.  ^ 

‘c  = ‘’"-Dj.  (2.2) 

The  output  current,  again,  is  proportional  to  the  area  of  the 
transistor  within  limits  of  sustaining  current  gain  at  the  required  current 
density  and  limitations  of  current  crowding  and  high-level  injection. 

In  general,  for  elements  of  comparable  geometry,  the  output  drive 

capability  of  bipolar  elements  is  substantially  greater  than  that  of  MOS 

2 

elements.  Of  the  bipolar  technologies,  I L is  at  a principal  disadvantage 
because  of  the  relatively  low  gain  of  the  output  inverter.  Alternative 
output  networks  liave  been  suggested  which  take  advantage  of  high  transistor 
gain,  but  these  networks  may  involve  isolation  techniques  that  may  intro- 
duce the  possibility  of  latch-up.  Also,  as  opposed  to  MOS  technologies, 
the  worst-case  for  bipolar  elements  is  at  low  temperature  where  tran- 
sistor gain  is  minimum. 


For  MOS  technologies,  n-MOS  is  most  favorable  for  output 
conductance  and  CMOS/ SOS  the  least  favorable. 


! 
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2.6  Noise  Iiiniunity 


Noise  immunity  is  one  of  the  most  complex  pai'ameters  to  define 
for  any  technology,  as  well  as  difficult  to  compare  between  teclinologies . 

It  can  be  defined  in  a variety  of  ways  and  should  be  referenced  to  both 
the  input  terminal  of  a logic  cell  as  well  as  to  the  power  supply. 

Keferred  to  the  input,  tlie  performance  measure  is  tlie  voltage, 
current,  and/or  energy  required  to  induce  a logic  error  with  tlie  logic 
element  at  the  most  sensitive  bias  of  the  0-  or  1-logic  state.  A similar 
definition  can  also  be  used  at  the  power-supply  terminal  of  the  array. 
Regulation  requirements  at  the  power  supply  terminal  should  also  be  consid- 
ered (but  almost  never  arc).  That  is,  in  a technology  such  as  TTL,  and 
CMOS,  there  is  a significant  power  siippl)'  currejit  transient  dui'ing  switching. 
The  requirement  for  voltage  regulation  must  tlien  be  consistent  with  power 
supply  filtering  to  minimite  the  effects  of  the  signal-induced  current 
surges.  It  is  suggested  that  for  LSI  arrays,  powc r/suppl\  ground  noise 
inmiunity  is  more  critical  than  input  noise  immunity.  .Just  as  for  output 
conductance,  it  is  necessary  to  specially  design  tlie  interface  cells  of 

an  array,  even  with  trade-offs  in  element  gcometr\‘  anil  power  dissipation. 

*> 

Oenerally,  interface  networks  for  both  n-MOS  and  1“L  are  design'd  to  be 
essentially  tliose  of  Ti'L  and  it  is  expected  that  interface  noise  immunity 
would  be  comparable.  Power  supply/ground  noise  immunit)’,  however,  is 
common  to  all  internal  logic  cells  of  the  LSI  array. 


In  terms  of  voltage  noise  margin,  as  sunuiiariced  in  Table  d.5, 
CMOS  (cither  bulk  or  SOS),  witli  a noise  margin  approximately  equal  to  4.S 
percent  of  , has  a clear  advantage  over  other  bipolar  and  MOS  tecluio- 

logies.  The  noise  margins  of  n-MOS  are  essentially  the  same  as  that  of 
TTL-compat ible  interfaces.  For  bipolar  technologies,  tlie  voltage  noise 
I margin  of  KCL  is  somewliat  less  than  that  of  TTL.  There  is  no  experimental 

I data  on  the  interfaced  voltage  noise  margins  of  PL.  Calculated  results 

; 24 

L.™ 


Table  2.5.  Noise  Immunity  Summary*. 


iiulicato  tiu'  worst-caso  iioiso  margin  as  approximately  (>0  mV,  which  is  signi- 
ficantly loss  than  ri’l.  anil  suhst  ant  ia  1 ly  loss  than  ilMOS. 

Noiso  immunity  consiilorat  ions  at  the  iiowor  supple  terminal  shoiilil  in- 

cluilo  both  the  ranjjo  i>f  voltaj’o  or  current  which  can  he  .iccommoilateil  anJ  t he 

roitulation  reipi  i remen  t s result  ini;  fri>m  current  or  voltage  pulsi's.  In  this  case, 

rri.,  r.l‘1.,  p-MOS  aiul  h-NKIS  arrays  reijuire  well  renulateil  sup)'l>  voltayes  (total 

varial'ion  less  than  one  volt).  This  is  a significant  roiiuirement  foi'  III.  hecause 

of  the  j'ower  supi'ly  current  sury.es  that  occur  iluriny  a switching’  transient,  thi 

> 

the  other  h.iiul,  both  I'MOS  aiul  I'l  have  a hic.h  toler.mce  lor  variations  in  (lower 
su['i'l\  voltage  or  current.  In  OKfS,  a ilecrease  in  su[i|il\  voltay.e  results  in 
.1  ilecrease  in  switching  speoil  aiul  noise  maryin  but  iloes  not  result  in  oi'crat  on.il 
failure.  I'yi'icalli,  the  VMiVS  suiijily  voltage  can  bi'  selectoil  from  S to  IS  \.  In 
.111  I"!,  arr.n-,  ojn'rat  ion  is  cnulible  over  a wiilc  raiiye  of  power  sujipli  bi.is  cur- 
rents (t\|iicall>  I (i.V  to  1 m;\  |'er  yate).  .As  the  (lower  su(i(i|\  current  is  ile- 
creasi'il,  however,  the  electrical  switchinj;  time  is  i nc  re.isiul . 


Noise  imiminiti  at  siynal  intert'.ices  can  also  be  char.ict  er  i ;eil  in 
terms  of  the  noise  eneryi  reipiriiul  to  cause  a loyic  error  r.ither  than  the 
iii'ise  voll.ijje  level.  This  noise  i'ner>;>  can  be  ilefineil  as 


t 


P 


(2.3) 


where  aiul  1^  are  the  noise  voltaj;e  aiul  current  t'or  a (tiven  (nilse  wiilth, 
t , at  the  interface  iiiule  as  shown  in  I'iiture  J.J. 

IA 


Figure  2.2.  Gate  Noise  Ininunity  Characterization. 
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I'he  drivinj;  point  impotlance  at  the  interface  node  is  essentially 
the  parallel  combi nat ion  of  the  resistances  and  the  sum  of  tlie  non-linear 
capacitances.  If  the  conductances  are  larye  compared  to  the  capacitive 
suscept ances , the  expression  for  noise  enerj;y  can  he  approximated  as 


where  is  the  comhineil  ilr  i v i n^-point  resistance,  t.’alculat  ions  in  a 

Motorola  .ip[>  1 i c.it  ion  note  usinj;  the  resistive  form  of  tlie  eneri;)'  equation 
are  sliown  for  I'l  l,  and  technoloiti  cs  in  Table  _’.5.  txirresjiondin};  cal- 

cul.itei.1  v.ilui's  fiir  l“l  are  sliown  aiul  are  based  on  a 1 pJ  speed-power  [>ro- 
duct  technoloj;). 

llonsidered  in  terms  of  noise  enerj;y,  the  critical  enei'i;)’  is 
.ipproximalel)  that  committed  to  the  storaj;e  of  dij^ital  information  in  an 
array,  whicli  is  reflected  by  the  speed-power  jiroduct  of  a technoloj;)'. 

A low-power  technology  will  tend  to  low  noise  immunity,  and  input  and 
output  interfaces  must  be  transformed  to  high  energy  levels  (such  as 
ITl.  or  CMOS).  This  has  been  the  case  in  the  evolution  of  silicon- 
gate  n-MOS  memories  where  internal  noise  margins  are  less  than  JOO  m\  , 
but  input/output  interfaces  are  at  T'Tl.  levels. 

2.7  Temperature  Range 

■> 

■All  bipolar  LSI  technologies,  including  l‘'l.,  can  be  qualified 
over  tiie  full  military  temperature  I’ange  (-f>.S°  C to  +125“  111.  Similarly 
all  MDS  teclino logics  can  be  qu.ilified  over  tlie  full  range,  but  there  is 
a tendency  to  design  MOS/LSl  for  commerci.il  rather  than  militari’  require- 
ments. As  a result,  virtually  all  silicon-gate  n-MOS  and  ONMS/Sl)S  .irrays 
presently  available  are  siiecified  for  operation  over  the  limited  range  of 
0“  C to  7l)“  C. 
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Design  problems  for  MOS  arrays  are  severe  at  iiigh  temperatures 
due  to  increases  in  junction  leakage  currents  and  tlie  decrease  in  carrier 
mobility.  Conversely,  the  design  problems  for  bipolar  teclinologies  are 
most  severe  at  low  temperatures  because  of  the  decrease  in  transistor  gain. 

2.8  Radiation  Effects 

Quantitative  comparison  of  L.S1  radiation  susceptibility  is 
complicated  l>y  variations  in  failure  criteria  implicit  in  available  data. 

It  is  fairly  easy,  however,  to  identify  tlie  relative  strengtlis  and  weak- 
nesses for  each  technology  for  each  asjiect  of  the  nuclear  environment.  A sum- 
mary of  approximate  failure  levels  for  each  I.SI  technolog)-  is  presented  in 
Table  2.0. 


Neutron  displacement  damage  is  a signific;int  concern  for  all  biiiolar 
technologies  and  is  of  little  concern  for  MOS  teclinologies.  The  predominant 
effect  in  MOS  damage  will  be  ionizing  radiation  r.ither  than  neutron  ilisi'lace- 
ment  damage  alone.  This  is  particularly  true  in  CMOS/SOS  wh-.re  the  semi- 
conductor material  is  quite  disordered  initially  and  ma>  be  less  valid  for 
advanced  MOS  technologies  that  rely  on  high  quality  bulk  semiconductor  fol- 
low thermal  leakage  currents. 

Of  the  bipolar  technologies,  neutron  damage  affects  ITd.,  TIT., 

1 

S/C  TTL  and  I“L  in  increasing  order.  The  variations  in  suscejit ibi 1 ity 
for  nCL,  TTL,  and  S/C  ITL  are  small  compared  to  potential  design  trade- 
offs. Each  can  be  designed  for  acceptable  performance  at  neutron  levels 

14  15  2 ’ 

between  10  and  10  n/cm  . The  neutron  damage  suscept ibi 1 its  ol  PI.  is 

IT  14  ’ 

substantially  greater  with  probable  failure  between  10  ' and  10  n/cm*' 
for  the  baseline  process.  Detailed  considerations  for  PI.  neutron  damage 
effects  and  hardening  techniques  are  presented  in  Section  .>  of  tliis  report. 


Table  2.6  Suiimiary  of  LSI  Radiation  Hardness 


Critical  Neutron 
, Fluence 
n/cin^  (1  MeV) 

Critical  Total 
Ionization 
rads(Si ) 

Logic  Upset 
Level 

rads(Si )/s 

Electrical  Pulse 
Overstress 
mJ  0 1 us 

TTL 

5 X 10^^ 

1 X 10^ 

(1  - 5)  X 10® 

A.  13 

S/C  TTL 

2 X 10^^ 

3 X 10^ 

fi  * 

% 2 X 10^ 

7 ★* 

■V  5 X lO' 

A.  5 

R/H  TTL 

1 X 10^' 

1 X 10^ 

5 X 10® 

no  data 

ECL 

2 X 10^^ 

1 X 10^ 

■V  2 X 10® 

A,  8 

I^L 

3 X 10^^ 

(0.1  - 1)  X 10® 

(0.1  - 1)  X 10 

9 

no  data 

p-MOS 

> lO^^ 

(0.01  - 10)  X 10® 

2 X 10® 

A.  12 

n-MOS 

> 10^5 

(1  - 100)  X 10^ 

-x-  1 X 10® 

no  data 

CMOS 

> 10^5 

(0.01  - 5)  X 10® 

9 * 

A.  1 X 10^ 

7 ** 

A-  5 X ]0 

A.  190 

CMOS/ SOS 

> lo'^ 

(0.01  - 1)  X 10® 

(O.b  - 10)  X 

10^®  A.  0.1 

narrow 


pulse  I 
wide  pulse  I 


possibility  of  radiation-induced  latch-up 
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For  the  effects  of  long-term  ionization,  all  MOS  technologies  have 
an  intrinsic  susceptibility  substantially  greater  than  bipolar  technologies. 
Long-term  ionization  effects  can  be  significant  in  low-power,  high-perform- 
ance bipolar  microcircuits  such  as  operational  lunplifiers,  S/C  'ITL  arrays 
without  guard  bands,  and  1“L  at  low  bias  currents.  In  general,  production- 
level  bipolar  technologies  can  withstand  greater  tlian  1 Mrad(Si)  and  hardened 
structures  can  perform  well  after  an  exposure  of  10  Mrad(Si). 

The  general  threshold  of  concern  for  commercial  MOS  is  on  tl\e 
4 

order  of  10  rads(Si).  Hardened  bulk  CMOS,  can  be  consistently  produced  with 
higli  performance  after  a 1 Mrad(Si)  exposure,  effort  in  the  develojiment 
of  hardened  CMOS/SOS  lias  resulted  in  laboratory  arrays  of  higli  performance 
for  exposures  of  up  to  1 Mrad(Si).  On  the  other  hand,  coimiiercial  CMOS/SOS 
and  n-NDS  LSI  still  have  high  long-term  ionization  susceptibility  because 
of  design  trade-offs  which  enhance  electrical  performance  but  compromise 
hardness. 

Tlie  long-term  ionization  susceptibility  of  1“L  lias  not  been  well- 
defined.  Some  data  on  test  structures  suggests  substantial  susceptiliility 
at  exposure  levels  less  than  100  krad(Si)  at  low  bias  currents,  and 
other  data  on  test  structures  suggests  high  performance  at  exposure  levels 
of  greater  than  1 Mrad(Si). 

Transient  logic  upset  susceptibility  of  LSI  is  generally  determined 

by  the  element  isolation  teclinique.  Bipolar  and  static  MOS  arrays  using 

j iCtion  isolation  of  elements  on  higli  lifetime  (i.e.,  non-gold  doped)  siil'- 

7 0 

strates  generally  have  logic  upset  levels  on  tlie  order  ot  5 x 10  to  10 
radslSi)/s  for  narrow-pulse  exposure  (*'  ->0  ns),  with  a decrease  of  critical 


dose  rate  witli  increasing  pulse  width  to  al'out  an  order-of-inagnitude  lower 
at  wide  pulse  widths  1.,^  2 ps) . These  technologies  are  also  potentially  sus- 
ceptible to  radiation- induced  latch-up. 

The  logic  upset  level  is  increased  sulistantial ly  by  dielectric 
isolation  of  the  active  elements.  In  bipolar  TTh,  the  logic  upset  level 

i) 

can  be  increased  to  above  10'  rads(Si)/s  with  decreased  pulse  width  sen- 
sitivity. Dielectric  isolation  in  TMOS/.SOS  further  reduced  the  active 
volume  for  photocurrents.  bogie  upset  levels  of  greater  tlian  10^^^  rads(,Si)/s 
have  been  realized  for  CMOS/SOS  arrays. 

The  structure  of  I“l,,  as  well  as  some  test  data,  suggests  superior 

logic  upset  hardness  for  a non-dielectric  isolated  array.  bogie  upset  levels 
D ID 

of  ll)‘  to  10  rads(Si)/s  have  lieen  observed  on  fliji-floj)  test  cells. 

7 

riiese  data,  however,  are  inconsistent  with  the  5 x lO  rads(.Si)/s  upset 

level  measured  by  the  T.I.  microprocessor.  It  is  suggested  that  good  logic 

1 

upset  levels  can  be  realized  in  an  [“b  array,  but  it  will  not  necessaril\’ 

■> 

happen  without  design  consideration.  Similarly,  I“b  should  be  latch-up  free 
in  a non- isolated , completely  l“b  structure,  but  the  use  of  high  voltage 
(ITb  or  CMOS)  interface  networks  and/or  substrate  isolation  may  be  of  con- 
cern. 


blcctrical  pulse  overstress  susceptibility  of  bSl  arrays  is  gen- 
erally that  of  the  interface  networks  and  the  ])ower  suppl)7ground  terminals. 
At  the  input/output  interfaces,  the  overstress  susceptibility  generally 
increases  with  decreasing  semiconductor  volume  available  for  energy  dissi- 
pation. Thus,  minimum  susceptibility  is  observed  for  large-geometry, 
junction-isolated  interfaces,  and  maximum  susceptibility  is  observed  for 
minimum- geometry  dielectric  isolated  interfaces.  Measured  failure  levels 
for  some  of  the  technologies  are  summarized  in  Table  2.b.  There  is 
no  data  on  electrical  overstress  susccin  ibi 1 ity  of  Pb,  but  the  worst- 
case  would  be  a minimum  geometry  output  with  a failure  energy 
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on  the  order  of  1 uJ  for  a 1 us  pulse.  This  is  comparable  to  that  of 
other  low-power  bipolar  technoloi; ies  and  is  somewhat  better  tlian  tliat  of 
QIOS/SOS.  (larder  input/output  protection  networds  can  l)e  implemented  in 
the  CMOS/SOS  array,  but  at  a penalty  of  clup  area  and  switcliiiii;  response 
time. 


I 


I 
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SECTION  3 


3.0 


PERFORMANCE/HARDNESS  TRADE-OFF  EVALUATION 


No  formal  l)ol>  program  lias  boon  fiinJod,  at  tliis  time,  to  develop 
■> 

hardened  1~1,.  However,  an  AFAI.  procurement  is  anticiinited  to  be  started 
early  in  1977.  There  liave  been  many  suggestions  for  1“1,  hardening  based 
on  results  of  DNA  and  NWSC  programs  in  the  characterization  of  radiation 
effects  on  available  test  cells.  Tliis  discussion  will  review  possible 
hardening  techniques  in  terms  of  possible  iierformance  gains  or  trade-offs. 
Yield  and  producibi 1 ity  are  critical  considerations,  but  cannot  be  included 
in  this  brief  theoretical  review.  It  is  generally  true,  however,  that  yield 
and  produc ibi 1 ity  decrease  with  the  number  and  complexity  of  the  processing 
steps. 


3.1 


Neutron  Displacement  Damage 


The  principal  consideration  in  neutron  damage  susceptibility  of 

■>  T 

1“L  is  the  effect  on  inverter  fan-out.  It  is  the  nature  of  I“L  that  the 

inverter  can  operate  successfully  at  low  current  gain,  but  performance 

stops  abruptly  when  the  gain  degrades  below  the  fan-out.  In  baseline, 

commercial  I“L,  the  critical  failure  level  has  been  reported  as  between 
1 ■)  13  ■* 

5 X 10  “ to  5 X 10  n/cm*",  depending  on  the  bias  current  level  and  fan- 

out  requirement . ^ ^ ^ ^ ® PL  is  more  susceptible  than  other  bijiolar 
or  MOS  LSI  technologies  to  neutron  damage. 
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The  in\orter  Kaiii  (B)  of  t lio  I I,  gate  is  a oomi'osito  ol'foot  of 
t lu'  ui'->;ain  of  the  non- 1 rails  i stor  element  aiui  tlie  inverse  i;ain  of  the 
lateral  pnp  transistor.  As  a first-order  ai'proximat  ion.  it  can  lu'  assniiieii 
that  the  reeiprocal  of  the  inverter  jjain  ll/B)  inereases  linearli  uith 
neutron  dainakje  Just  as  that  of  a discrete  transistor  las  shown  in  I'ir.ure  .>.1) 
Inverter  hardeniiii;  can  he  accomplished  by  IH  incieasinj;  the  unirradiated 
i;ain  for  the  same  ll,  BJ  r.ain  deiiradation  rate,  or  by  decreasin.c  the 
v;ain  deijradat  ion  rate,  or  lin  the  best  case!  b\  both. 


1 

B 


CRITICAL 

FAN-OUT 


Figure  3.1.  Assumed  Nature  of  Gain  Degradation. 


Assuming  that  the  inverter  gain  is  dominated  b\-  the  intrinsic 
ui'-gain  of  the  njin  transistor  (i.e.,  back- in  ject  ion  of  pnp  transistor  is 
negligible),  the  damage  rate  of  the  reciin'ocal  gain  can  be  defined  as  the 
increase  in  carrier  recombination  in  the  entire  active  emitter  and  base 
regions  of  the  transistor.  For  the  npn  transistor  in  the  up-mode,  this 
volume  is  essentialli  that  of  the  emitter  n-region,  the  emitter-base  de- 
pletion la>er,  and  the  active  and  inactive  region  of  the  |'-base  region. 

In  practice,  carrier  recombination  in  the  active  base  of  the  transistor 
is  a verv  small  fraction  of  the  total  carrier  recombination. 


This  qualitative  model  can  also  be  supported  by  a first-order 
analytical  expression  of  gain  in  tenns  of  geometrical  and  bulk  semicon- 
ductor pariimeters  wliicb  is, 


fn  /n  ^ A • ^ + A • — + A 

^Pno'"po^  ^js  Wgp  ^je  Xp  ^jc  2t^ 


(3.1) 


wliere,  A.  ^ = npn  collector  area 
) ^ 

A.  = npn  emitter  area 
J ^ 

A.  = pnp  base  cross-sectional  area 
js 

p^^^  = minority  carrier  density  in  the  npn  p-base  region 
= minority  carrier  density  in  the  n epitaxial  layer 
IV  = npn  transistor  base  width 
Wgp  = lateral  pnp  transistor  base  width 
Tp  = minority  carrier  lifetime  in  n epitaxial  layer 
= minority  carrier  lifetime  in  p-base  region. 

Many  of  the  principal  mechanisms  determining  gain  are  represented  in  equation 
5.1,  but  two  dimensional  effects,  carrier  transport  in  the  npn  overlap  diode 
base  region  and  injection  level  dependencies,  are  not  included.  On  balance, 
the  expression  is  a best-case  representation  of  inverter  gain. 


With  this  qualitative  model  and  first-order  analytical  expression, 
two  means  c;in  be  .suggested  to  increase  the  initial  gain  while  not  affecting 
the  rate  of  gain  degradation.  Tliese  are  the  effects  of  the  transistor 
base  width  and  n*  collars  around  the  periphery  of  the  transistor.  The 
inverter  gain  decreases  witli  decreasing  base  width  of  the  transistor. 

The  presence  of  a retarding  electric  field  in  the  base  (typical 
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of  the  baseline  process)  effectively  increases  tlie  base  widtli  over  tlie  geo- 
metrical value.  Conversely,  neutralizing  tlie  opposing  base  field  (^or  creating 
an  aiding  field  for  the  up-gain)  will  effectively  decrease  tlie  transistor  base 
width.  The  rate  of  gain  degradation  will  not  be  influenced,  however,  because 
onl)'  a small  fraction  of  the  carrier  recombination  is  in  the  active  base  re- 
gion. riie  trade-off  in  this  hardening  approach  is  relativeli’  slight.  If  a 
substantial  aiding  field  is  established  for  the  up-gain,  there  will  be  a de- 
crease in  the  down  gain.  A reasonable  value  of  down-gain  (typically  greater 
than  10)  is  necessary  to  maintain  low  on-state  output  voltage.  An  increase 
in  the  on-state  output  voltage  will  lead  to  decreased  noise  margin  and  the 
possibility  of  current  hogging.  This  trade-off  is  slight  because  the  down- 
gain  of  an  unirradiated  inverter  is  typically  greater  tl\an  100  and  a signi- 
ficant margin  is  available. 

+ 2 

The  n collars  used  to  imiirove  1 1.  inverter  gain  are  illustrated 
in  Figure  5.2.  Collars  are  used  to  reduce  the  liole  injection  from  tlie  side- 
walls  of  tlie  inverter  the  the  substrate.  Tliis  current  is  a loss  for  both 
the  npn  and  the  pnp  transistor  gains.  The  collar  e.xtends  around  the  peri- 
phery of  the  inverter,  e.xcept  at  the  interface  of  the  injector  and  npn 
p-base  regions.  There  are  three  possible  options  in  the  use  of  collars: 

(1)  no  collars  at  all,  (2)  collars  diffused  to  the  depth  of  the  collector 
diffusion  and  realized  at  the  same  time  as  the  collector  diffusion  (i.e., 
no  additional  mask),  and  (3)  collars  diffused  down  to  the  emitter/injector 
junction  (which  requires  an  additional  mesh  and  diffusion  stepl  It  has 
been  shown  that  the  inverter  gain  increases  with  the  use  of  an  n collar, 
and  the  deeper  collar  has  the  greatest  effect. The  use  of  the  n collar 
will  be  principal!)’  to  increase  the  gain  margin  but  will  also  luive  a less 
drjunatic  effect  on  the  rate  of  gain  degradation. 

The  trade-off  in  tlie  use  of  n*  collars  is  the  increase  in  emitter 
depletion  capacitance  of  the  npn  transistor.  At  low  bias  levels,  the  speed- 
power  product  of  the  inverter  is  directly  proportional  to  the  emitter 
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depletion  capacitance.  In  the  limit,  the  use  of  the  n*  collars  could 
be  extended  by  increasing  the  doping  level  of  the  emitter  n-region.  The 
popularity  of  the  n-n^  epitaxial  structures,  however,  suggests  that  this 
increase  in  the  depletion  capacitance  is  less  than  acceptable.  Use  of 
the  n collars  also  introduces  the  possiblity  of  collector-substrate 
shorts  through  mask  misalignments.  This  problem  becomes  most  severe  for 
the  deep  n*  collar  structure. 

An  alternate  solution  to  eliminating  sidewall  injection  is  tlie 
use  of  oxide  isolation  around  the  periphery  of  the  inverter.  This  is 
employed  in  the  Fairchild  isoplanar  process^^'^®  and  v-groove  oxide  isola- 
tion. It  is  expected  that  this  technique  would  increase  gain  margin 
with  minimum  electrical  performance  trade-off,  but  may  introduce  problems 
in  long-term  ionization  susceptibility.  Extensive  research  in  hardened 
CMOS  development  has  demonstrated  relative  hardness  of  oxides  grown  of 
1-0-0  orientation  silicon  as  opposed  to  1-1-1  orientation.  In  collar 
dielectric  isolation,  the  basic  crystal  is  of  1-0-0  orientation,  but  the 
oxide  over  the  interface  periphery  is  not.  Therefore,  there  may  be  an 
enhanced  effect  of  trapped  charge  over  the  lateral  oxide  interface,  over 
that  expected  from  the  surface  oxide  interface.  Preliminary  data  is  con- 
sistent with  this  observation,  but  no  quantitative  analysis  has  clearly 
identified  a problem. 

Considering  other  limiting  factors  in  the  inverter  gain,  the 
forward-biased  current  of  the  parasitic  emitter-base  diode  is  a 
significant  effect.  Similarly,  the  emitter  efficiency  of  the  npn 
transistor  up-gain  is  a significant  effect.  For  the  former,  tlie  inverter 
gain  can  be  increased  by  increasing  the  relative  areas  of  the  collector 
and  emitter  junctions  of  the  npn  transistor.  In  the  limit,  the  effect  of 
the  parasitic  diode  would  be  minimized  if  the  collector  area  were  almost 
equal  to  the  emitter  area.  The  problem  is,  however,  tliat  it  is  desirable 
to  minimize  transistor  area  to  increase  cell  density,  yield,  and  effective 
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injection  level  for  a given  bias  current.  An  additional  consideration  is 
the  use  of  an  extended  base  region  to  allow  for  metallization  cross-overs. 

In  a hardeneii  design,  that  is  one  in  whicli  parasitic  diode  area  is  minimized, 
tile  use  of  extended  base  regions  for  cross-overs  must  also  be  minimized 
with  a corresjionding  increase  in  tlie  chip  area  required  to  realize  a given 
LSI  function. 

lilectrical  performance  of  tlie  I^L  inverter  can  also  be  improved 
liy  minimizing  tlie  width  of  the  n-epitaxial  layer  under  the  npn  emitter, 
iliis  increases  the  gain  of  the  inverter,  reduces  the  switching  delay  time 
at  high  bias  currents,  and  could  reduce  the  rate  of  gain  degradation.^® 

The  trade-off  in  minimizing  the  ejiitaxial  width  is  principally  one  of  pro- 
cess control.  Contact  of  the  n*  substrate  would  result  in  inverters  of 
high  emitter  dejilction  ca[>acitance  and  high  speed-jiower  product.  liiis  may 
be  a critical  problem  in  realizing  complex  (greater  than  l,0()0-gate)  arrays. 

Some  of  the  hardened  LSI  structures  have  proposed  minimizing  the 
lateral  jinji  base  width  to  minimize  the  gain  degradation  of  the  lateral  jinii 
transistor.  The  baseline  structure,  however,  reflects  the  merged  effects 
of  the  pnp  transistor  in  the  inverter  gain.  When  the  npn  transistor  is 
forward-bias,  a component  of  base  current  is  injected  from  the  npn  base- 
emitter  junction  to  the  injector-ground  junction.  This  can  be  reflected 
in  the  gain  equation  (liquation  2.1).  Decreasing  the  lateral  pnp  base  width 
increases  the  initial  gain  of  the  pnp  device  but  decreases  the  invertor 
gain.  The  effects  of  inverse  pnp  transistor  gain,  jiart icularly  as  a func- 
tion of  injection  level  and  displacement  damage,  have  not  been  accurately 
defined . 

All  the  hardening  techniques  discussed  to  this  point  are  relatively 

■) 

straightforward  variations  of  the  baseline  "commercial"  I*"!,  technology. 
I'cchniques  such  as  deep  n*  collars,  oxide  isolation,  uji-diffusion  (to  re 
verse  the  npn  base  electric  field),  and  double-diffusion  (to  minimize 
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lateral  pnp  base  widtli)  all  add  additional  processing  steps  with  a probable 
increase  in  fabrication  complexity  and  decrease  in  overall  yield.  The 
specific  impact  of  any  of  these  teclinitjues  lias  yet  to  be  determined  in 
the  structure  of  an  LSI  array.  The  application  of  oxide  isolation  in  the 
Fairchild  Isoplanar  409()-lnt  dynamic  RAM  does,  liowcver,  demonstrate 
feasibility  as  a commercial  LSI  product. 

'I 

An  alternative  approach  to  1“L  hardening  is  to  make  basic  changes 
in  the  structure  of  the  device.  One  of  these  presently  proposed  is  sub- 

■y 

strate- fed- logic.  ^ The  basic  structure  of  the  substrate-fed  PL  inver- 
ter is  shown  in  l-igure  .i.5.  The  principal  change  is  the  use  of  a p-substrate 
as  the  injector.  This  allows  an  increase  in  the  injector  area  facing  the 
npn  emitter  junction  and  allows  the  potential  for  a narrow-base  pnp  struc- 
ture. A first-order  analysis  of  the  structure  leads  to 


^je  ^BN  ^ PnE  ^ ^BP 


(3.2) 


as  an  expression  for  inverter  gain.  Parameters  are  as  defined  previously 
in  Equation  .^.1  for  the  baseline  structure.  This  expression  includes  the 
effect  of  the  one-dimensional  inverter  and  the  parasitic  pnji  transistor. 
Each  semiconductor  region  is  considered  as  uniformly  doped  (i.e.,  effects 
of  built-in  electric  fields  are  not  included). 

To  get  an  analytical  estimate  of  neutron  damage  sucept ib i 1 i ty , 
lifetime  degradation  can  be  induced  by  assuming, 

-L  = -L  . ,K 

n ni 
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pi 


where  ami  k^^  are  the  lifetime  Uama>{e  constants.  Suhst  ituting 

liquation  3.3  into  liquation  3.J,  the  damaj;e- inclusive  inverter  ijain  can 
be  expressed  «s 


where 
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Numerical  evaluation  of  the  analytical  expression  suggests  a 

sensitivity  to  the  relative  doping  levels  in  the  emitter  and  base  regions, 

as  well  a<  to  the  pnp  transistor  base  width.  However,  as  the  inverter 

gain  is  imjiroved  by  doping  the  emitter  more  heavily  than  the  base,  the 

rate  of  gain  degradation  decreases,  supplementing  the  increase  in  design 

margin.  For  example,  if  the  emitter  is  doped  more  heavily  by  a factor 

of  10,  the  unirradiated  inverter  gain  is  approximately  7o  and  is  approx- 

14  ■* 

imately  24  after  exposure  to  10  n/cm". 

*) 

Substrate-fed  I*"!,  logic  cells  have  been  fabricateil  by  Harris 
Semiconiluctor.  Results  of  characterization  on  these  test  cells  indicate 
initial  inverter  gains  of  25,  and  gains  of  5,  following  exposure  to 
3 X lO^^n/cm-,  I'he  feasibility  of  tliese  structures  has  yet  to  be 
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demonstrated,  liowcver,  as  MSI/LSI  arrays.  Questions  of  performance  and 
yield  have  yet  to  be  answered.  In  tlie  results  presented,  tliere  was  also 
a substantial  decrease  in  gain  witli  increasing  injection  level. 

Sliort-term  atmealing  effects  following  pulsed  neutron  ex]iosurc 

have  not  been  well  defined  in  terms  of  LSI  performance  effects.  I'rom 

basic  semiconductor  device  studies,  the  effective  damage  is  greatest  at 

sliort  times  and  low  carrier  injection  levels.  Considering  tlie  injection 

*> 

level  dependence,  it  is  e.\])ected  that  effects  in  PL  would  be  a])i)ro,\imatel\- 

*> 

tlie  same  as  those  in  TTL,  S/C  TTL,  or  LCL.  Operation  of  PL  at  low  bias 
currents  sliould  be  considered  careful  !)■,  liowever,  because  of  low  average 
injection  level,  relatively  long  switcliing  times  and  relatively  narrow 
margins  in  transistor  gain. 

3.2  Long-term  Ionization  Damage 

Long-tenn  ionization  damage  effects  have  been  characterized  on 
test  structures  of  several  manufacturers  b)-  several  investigators,  lie- 

ported  results  however,  are  somewhat  inconsi  stent . ^ ^ ^ The  basic  reason  | 

for  these  inconsistencies  has  not  been  identified.  It  seems  reasonable  to  i 

assume  that  the  effect  must  be  an  increase  in  surface  recombination  ' 

velocity  caused  b>’  rad iat ion- induced  positive  charge  trapi>ed  at  the 

si  1 icon-sil  icon-dio.\ide  interf.ace.  The  observed  sensitivit\'  at  low  bias 

currents  suggests  additional  recombination  at  the  surface  of  the  emitter- 

base  depletion  region. 

In  evaluation  of  the  inverter  gain,  one  of  the  iiriiicijial  uncer- 
tainties is  the  recombination  at  the  unmetaled  surface  of  the  npn  base  and 
injector  p-regions.  Numerical  analisis  by  .laeger,’'’  suggests  that  the  iioii- 
uniforni  doping  of  the  p-region  as  formed  by  diffusion  establishes  a built-in 
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base  field  that  restrains  carriers  away  from  the  surface.  As  a result, 

the  surface  recombination  has  little  effect  on  inverter  gain.  It  is 

possible,  then  that  shallow,  sharply  non-linearly  doped  structures  would  be 

less  susceptible  to  long-term  ionization  effects  tlian  deeper,  more  uniformly 

doped  structures.  Substantial  effort  is  necessary  to  clearly  understand 

long-term  ionization  effects  for  bipolar  technology  in  general  and 
■) 

for  I“l,  specifically. 

Structures  and  modifications  of  baseline  PL  suggested  for  liarden- 
ing  are  e.xclusively  concerned  witli  neutron  damage  effects.  Those 
modifications  to  increase  the  initial  design  margin  will  generally  improve 
overall  hardness.  One  exception  to  tliis  may  be  oxide-isolated  PL,  as 
suggested  from  limited  data  on  Faircliild  test  cells. In  oxide  isolation 
the  oxide  sidewalls  result  in  an  oxide  layer  over  tlic  junction  depletion 
layer  at  a 1-1-1  silicon  orientation.  Results  on  studies  of  MOS  struc- 
tures suggest  a liigher  susceptibility  for  oxides  grown  over  l-l-l  silicon 
as  opposed  to  those  grown  over  1-0-0  silicon  as  on  the  surface  of  the  chip, 
lixperimental  results  on  the  isoplanar  test  chips  also  sliow  a suscejit  ibi  1 i ty 
somewliat  greater  than  that  observed  on  liaseline  test  cells. 

■) 

Conversely,  substrate-fed  PL  should  be  somewhat  less  susceptible 
to  long-tenn  ionization  effects  than  baseline  PL.  There  would  be  little 
difference  in  the  inverter  gain  degradation,  but,  because  the  injector 
junction  is  essentially  buried,  the  degradation  in  pn]i  gain  should  be 
less  severe.  Limited  data  published  suggests  this  result.’^ 

3,3  Transient  Photoresponse 

There  is  little  data  available  on  tl\e  logic  u]vset  level  of 
PL  logic  cells,  and  no  quantitative  analysis  to  identify  the  failure 
mechanism  in  observed  results.  The  first-order  effect  is 
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addition  of  junction  photocurrents  to  the  normal  injector  bias  current. 
Logic  upset,  in  this  case,  would  be  approximately  the  same  as  that  of 
logic  failure  at  high  l)ias  currents.  At  high  bias  currents,  the  inverter 
and  lateral  pnp  gains  tend  to  decrease  due  to  high-injection  level  effects 
and/or  voltage  drops  in  the  bulk  semiconductor.  If  tl>is  is  the  case,  the 
baseline  structure  could  be  hardened  by  optimizing  design  parameters  for 
high-current  operation.  As  usual,  however,  there  will  be  trade-offs  in- 
volved. For  example,  increasing  doping  levels  will  increase  junction 
capacitances  and  will  decrease  the  speed-power  product  that  reflects  opera- 
tion at  low  bias  currents. 

2 

In  a practical  baseline  I L LSI  array,  operation  at  high  bias 
currents  can  also  be  limited  by  the  voltage  drop  along  the  injector  rails. 
Hardening,  then,  would  recjuire  constraints  in  layout  to  limit  the  length 
of  the  rails  and  would  probably  increase  the  size  of  the  chip  required  for 
the  same  function. 

No  data  is  available  on  the  transient  photoresponse  of  substrate- 
fed  logic  arrays.  The  change  in  structure  will  substantially  reduce  the 
emitter-base  photocurrent  of  the  npn  transistor,  but  the  net  result  of 
this  is  not  clear.  The  logic  upset  level  could  be  reduced  from  that 
observed  in  baseline  test  structures. 

3.4  Electrical  Pulsed  Overstress  Damage 

The  principal  concern  for  electrical  damage  is  at  the  input  and 
output  signal  interfaces.  The  power  supply  and  ground  terminals  sliould 
not  be  particularly  susceptible  because  of  the  large  number  of  elements 
connected  to  the  common  pin,  sliaring  the  electrical  overstress  energy. 

For  the  input/output  terminals,  noise  immunity  and  current  drive 
requirements  will  require  special  interface  network  design,  as 
discussed  in  Section  2.  The  signal  interfaces  will  be  Tl'L  compatible 
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in  voltage  level,  noise  margin  and  overstress  susceptibility.  The  trade- 
off involved  is  the  chip  area.  In  the  worst-case,  each  input  and  output 

would  require  the  cliip  area  of  a single  input  TTL  gate  (probably  on  the 
2 

order  of  20  mils“  from  Figure  2.1)  and  will  require  a significant  increase 
in  overall  chip  size  necessary  to  realize  an  LSI  function. 

1 

Assuming  the  use  of  minimum-geometry  TTL  interfaces  on  the  1“L 
array,  the  critical  damage  level  would  be  on  the  order  of  IpJ  for  a 
1 us  pulse-width.  Increasing  the  geometry  of  the  interface  elements 
would  realize  further  liardening. 

2 

3.5  General  I L Design  Considerations 

Tile  design  of  1“L  is  substantially  more  difficult  in  an  LSI 
array  than  tliat  of  test  cell  inverters  and  ring  counters.  Tlie  jirincipal 
difficulty  is  tliat  cell  performance  depends  critically  on  the  doping 
profile  (vertical  design)  and  the  geometrical  layout  (horizontal  design). 
This  is  in  contrast  to  NIOS  layout  which  is  essentially  just  horizontal 
design,  or  other  bipolar  technologies  which  are  essentially  just  vertical 
design.  Relatively  simple  MOS  design  rules,  based  on  just  geometry  scaling, 
can  readily  be  incorporated  into  computer-aided  design  programs  and  are  of 
substantial  advantage  in  standard  cell  design  and  LSI  design  verification. 

Many  of  tlie  one-dimensional  vertical  design  considerations  have 
been  discussed  (e.g.,  npn  base  width,  n epi-layor  tliickness,  and  base 
doping  profile).  Carrier  transport  in  the  pnp  transistor  base  is  a ver- 
tical design  problem  for  substrate-fed  logic,  and  a geometrical  design 
problem  for  "baseline"  l^L. 

■) 

Design  considerations  which  must  be  considered  in  practical  PL 
LSI  design  include: 
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1.  layout  of  inverter  collector  outputs, 

2.  injector  rail  layout, 

3.  gain  variation  witli  lugli-level  injector  effects, 

4.  current  partitioning  between  coimnon- input  iiuerters 

5.  tolerance  requi rements  to  avoid  surface  breakilown. 

■> 

I'esign  of  test  chips  for  I*"!,  evaluation  and  development  must  contain  struc- 
tures representative  of  those  in  an  LSI  array  in  order  to  determine  relevant 
performance  and  radiation  liardness  capabilities  and  limitations.  Lateral 
voltage  drops  limit  the  base  current  available  to  remote  collectors  of  the 
inverter  and  limit  the  effective  injector  current  at  the  end  of  a long 
injector  rail.  I'he  voltage  drop  along  the  injector  rail  is  probably  the 
more  vexing  design  problem.  It  is  tempting  to  simply  minimize  the  voltage 
drop  by  continuously  running  metalization  over  the  rail.  This,  however, 
increasing  electron  current  from  the  injector-substrate  junction  to  the 
contact  aiKl  reduces  the  [nip  current  gain.  As  an  alternative,  the  injector 
can  be  broken  into  small  segments,  but  that  reipiires  an  increase  in  the 
metalization  contacts  which  is  a potential  yield  loss. 

llain  loss  in  transistor  elements  due  to  resistive  voltage  drops 
is  compounded  at  higli  bias  currents  by  carrier  high  injection  effects. 
Because  of  the  small  geometry  used  in  the  transistor  elements,  higli  in- 
jector levels  (.i.e.,  tlie  current  which  establishes  a minority  carrier 
density  comparable  to  the  majority  carrier  doping  level)  can  be  at  bias 
currents  between  IH  pA  and  llHl  pA  injector  current  per  gate.  I'be 
decrease  in  inverter  gain  at  "high"  bias  currents  is  a critical  design 
parameter  in  that  minimum  switching  times  can  be  obtained  only  if  sufficient 
gain  is  ret. lined  at  higher  bias  currents. 

The  final  design  problem  is  that  which  results  when  two  or  more 
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Invertors  arc  Jrivon  from  a cimmon  voltaso  source.  In  this  t.isc.  do  1 
.,o  ,.rotoro„..n,  part.ttonoa  to  the  in.ortor  o user  in,,  t 

.O,ta.o  ana  aunt  fro.,  invertors  o-'  r:..  ; or 

is  a aocroaso  in  the  «orst-caso  eam  ca,,alulit) 

chain. 

n„  aaaitional  aifficulty  of  aosiiin  is  the  rolativol,  uncon- 
tro.ioa  iatora,  aiffusion  of  i.puritios  j";;;  ;:.L. 

nnaor-aiffusion  aotor.,inos  tho  offoctivo^spa^^^^^^^^^  anU  the  n*  coliar 

roBions  as  well  as  the  spacini.  >. loia- 1 ii.it ine 

around  the  inverter.  As  a piactica  . eollector 

.lo-  in  ri  is  low  breakdown  voltage  between  the 

:::  :::  dulr'  ly  aosiB,,.  tno  coi.ar  ,.ust  ho  in  contact  ..ith 

Excessive  under-diffusion,  by  either  the  collai  or 
::i::::rwarreduc:the  collector-ground  breakdown  voltage  to  less  than 
V{^j:  and  will  result  in  a functional  failure. 


SECTION  4 


4.0 


TRENDS  IN  LSI  TECHNOLOGY  EVOLUTION 


Developments  in  LSI  technology  are  inevitably  motivated  to  improve 
performance,  increase  functional  complexity,  and  decrease  array  cost.  It 
has  generally  been  the  nature  of  this  evolution  during  the  past  ten  years, 
that  the  progress  has  also  resulted  in  improving  microcircuit  hardness. 

There  are  indications  now,  however,  that  this  is  no  longer  true.^^  In 
this  discussion,  some  of  the  trends  in  LSI  technology  will  be  presented  in 
terns  of  performance  and  radiation  hardness. 


4.1 


n/MOS,  CCD  Technologies 


I'he  use  of  smal  1 -geometry  cluirge-control  led  elements  is  a major 
influence  in  the  realitation  of  very  complex  1.S1  arrays.  Silicon-gate 
n-MOS  transistor  elements  with  low  threshold  voltage  (.typical  !>■  0.5  to 
1.5  volts)  offer  liigh  performance  for  minimum  geometry.  Using  n-MtlS 
technology  is  particularly  effective  in  realizing  complex  random-access 
memories.  Memory  complexities  of  lo  k-bits  are  at  the  state-of-the-art 
and  o4  k-bit  memories  are  expected  in  the  near  future. 

t!CD  technology  uses  cliarge  transfer  between  higli  density  elements 
either  at  or  just  below  tlio  semiconductor  surface.  I'he  nature  of  Cl'D  array 
is  i)art icular ly  attractive  for  long  serial  memories,  correlators,  and  image 
sensors.  The  .apj)! icat  ion  of  CCD's  as  correlators  and  image  sensors  shows 
great  promise. 
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In  terms  of  radiation  effects,  however,  the  evolution  of 
n-MOS  and  CCD  technology  has  decreased  hardness.  Research  in  develop- 
ment of  liardened  CMOS  is  directly  applicable,  but  involves  trade-offs  wliicb. 
are  not  generally  considered  in  "commercial"  LSI  arrays.  ibis  is  particu- 
larly apparent  in  presently  available  dynamic  n-MOS  4k  memories.  These 
arrays  are  specified  for  operation  over  a limited  temperature  range  (.U  to 
70°  C)  and  damage  susceptibility  to  long-term  ionization  effects  consis- 
tently falls  below  10  krads(Si).  Unfortunately  these  limits  restrict  ap- 
plication of  this  conunercial  technology  to  military  systems  of  modest 
radiation  level  requirements.  This  situation  will  probably  continue  for 
some  time  because,  based  on  array  complexity,  n-MOS  and  CCD  technologies 
are  the  leaders  in  commercial  LSI  technology. 

4.2  Silicon-gate  Bulk  CMOS 

Electrical  performance  of  bulk  CMOS  can  be  improved  witli  the 
use  of  amorphous  silicon  gate  electrodes  and  miniminn  cluinnel  widths  for 
the  transistor  elements.  i'he  use  of  silicon  gates  allows  decreased 
threshold-  voltages  for  the  elements  and  an  overall  increase  in  cell  den- 
sity because  of  reduced  geometry  and  more  flexibilit)'  in  cell  intercon- 
nection. Because  of  the  nature  of  silicon  gate  processing,  however,  it 
is  necessary  to  expose  the  critical  gate  Si-SiO,  interface  to  more  high 
temperature  processing  than  that  of  aluminum  gate  CMOS.  These  high 
temperature  processing  steps  tend  to  increase  the  threshold  voltage  shifts 
resulting  from  long-term  ionization  exposure.  Minimizing  the  radiation- 
induced  threshold  voltage  sliift  is  particularly  critical  because  of  the 
low  initial  tlircsiiold  voltage. 

Low  initial  threshold  voltages  are  also  necessar\’  in  narrow- 
channel  CMOS  because  of  restrictions  on  the  maximum  supply  voltage.  Uitli 
the  narrow  channel,  the  transistor  elements  are  more  susceptible  to  voltage 
breakdown  by  drain-source  punch-through . Also  with  the  increase  in  cell 
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density,  the  potential  t'or  electrical  and  radiation-indiiced  latcii-np  heconies 
more  significant.  Llold-doping  can  be  used  to  reduce  the  bulk  semiconductor 


lifetime  to  minimite  the  latcli-up  susceptibility.  The  gold-doping,  liow- 
ever,  will  decrease  tlie  junction  breakdown  voltage  and  cause  further  concern 
for  operation  at  maximum  supply  voltage. 

In  summary,  narrow  cliannel  silicon  gate  CMOS  offers  potential 
for  performance  improvement  with  more  sophisticated  processing.  Because 
of  the  nature  of  the  silicon-gate  processing,  tighter  gate  thresliold  volt- 
age requirements,  and  breakdown  voltage  effects,  the  liardening  effort 
required  will  be  substantially  greater  than  that  required  of  aluminum-gate 
bulk  CMOS. 


4.3 


CMOS/SOS 


Considering  all  MOS/I.Sl  tecliniquos,  maximum  performance  in  terms 
of  switcliing  speed,  speed-power  product,  and  power  dissipation  lias  been 
demonstrated  by  CMOS/SOS.  F.volution  of  CMOS/SOS  has  been  heavily  supported 
by  11ol>  for  potential  application  in  military  avionic,  satellite,  man-pack 
communication  and  missile  systems;  however,  coiimiercial  evolution  of  the  tech- 
nology does  not  liave  a wide  base  in  tlie  semiconductor  industry.  Maximum  perform- 
ance in  C^K)S/SOS  can  be  realized  with  the  use  of  minimum  geometry  elements, 
silicon  gate  conductors,  and  transmission  gates.  This  evolution  is  in- 
consistent with  maximizing  tlie  liardness  of  arrays.  I'he  nature  of  silicon 
gate  processing  exposes  the  gate  oxide  to  high  temperature  stress  as  dis- 
cussed for  narrow-channel  bulk  silicon-gate  CMUS.  Tlie  use  of  transmission 
gates  leads  to  unfovorable  bias  on  the  p-channel  transistor.  lliis  bias 
condition  can  be  relieved  by  biasing  the  body  of  the  transistor,  but  with 
a sacrifice  in  gate  density. 

.Specifically  comparing  t!^^')S/SO.S  to  I'l.  as  evolving  IZSI  technologies, 
a principal  question  is  considering  potential  support  of  hardened  I'l,.  I'he 
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principal  strt'iigtiis  of  CMOS/SOS  are: 

1.  electrical  switcliing  response, 

2.  low  static  power  dissipation, 

3.  small  logic  cell  area, 

4.  readily  defined  design  rules  for  computer-aided  design 

5.  low  neutron  damage  suscejit iln  1 ity  and 

6.  low  pliotocurrent  suscept  ihi  1 itv-. 

The  principal  weaknesses  of  I'MOS/SOS  are: 

1.  expense  of  the  starting  material, 

2.  higli  defect  density  of  tiie  thin  silicon  film, 

3.  limited  output  drive  capability, 

4.  high  susceptibility  to  long-term  ionication  effects,  and 

5.  high  susceptibility  to  electrical  pulse  overstress  dojuage. 

■> 

On  the  other  hand,  the  principal  strengths  of  I"!,  arc: 

1.  low  power  operation, 

2.  low  speed-power  product, 

3.  Iiigh  cell  density, 

4.  low  cost,  high  yield  at  LSI  complexities, 

5.  low  long-term  ionization  damage  susceptibilit)-,  and 

6.  low  photocurrent  susceptibility. 

2 

The  principal  weaknesses  of  I"!,  are: 
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1.  complex  desiijn  rules  wliicli  comj)licate  comjniter'a ided  design 
appl icat ion, 

2.  limited  electrical  switching  s|ieed, 

3.  low  electrical  noise  margin,  and 

■4.  higli  susceptibility  to  neutron  d i si)lacement  damage  effects. 

In  terms  of  military  aj)])!  icat  ions,  tlie  principal  concern  of 
CMOS/SOS  is  the  long-term  ionization  damage  suscejit  ihi  1 ity , and  tlie  prin- 

7 

cipal  concern  of  I'l,  is  neutron  damage  suscept  ihi  1 it)’.  Witli  some  develop- 
ment in  process  sensitivity  evaluation  and  hardness  assurance,  both 
technologies  are  apjilicable  for  systems  of  modest  radiation-hardening 
requirements.  F-or  system  requirements  of  liigh  ionization  and  low  neutron 

7 

levels,  it  would  seem  that  effort  in  1“I,  liardening  could  realize  satis- 
factory arrays  of  minor  variation  from  the  broad-based  conmiercial  ]iroduct. 
for  very  severe  radiation  liardening  requirements,  the  relative  effort  in 
CMOS/SOS  hardening  from  this  iioint  fbii^'cd  on  an  already  substantial  effort) 
is  probably  less  than  that  required  for  1“1,.  At  this  time,  the  long-term 
ionizing  susceptibility  of  CMOS/SOS  bas  been  decreased  by  two  orders  of 

magnitude  through  DNA  and  S;\MSO  hardening.  It  seems  reasonable  to  expect 

> ■> 

tliat  research  effort  in  l“l.  can  reduce  '“I,  neutron  damage  suscept  ihil  it)-. 

Relative  commercial  support  for  IIMO.S/SOS  and  1“1,  technologies 
will  be  detemiined  by  forces  much  broader  than  HoH  procurement.  'I’he  options 
for  military  systems  are  generally  the  selection  of  the  best  available 
from  the  overall  technology  resource.  Maintenance  of  a specific  l.Sl  tech- 
nology exclusively  for  hardened  systems  is  a viable,  but  exjiensive,  option 
and  should  be  minimized. 
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SECTION  5 


5.0  CONCLUSIONS 

Integrated-injection  logic  is  a real,  evolving  LSI  technology 
of  sufficient  performance,  cost,  and  realizability  in  very  complex  func- 
tions to  assure  potential  military  system  applications.  The  present  state- 
of-the-art  is  still  one  of  unrealized  potential,  and  the  broad  commercial 

technology  base  expected  is  probable,  but  not  obvious.  It  is  extremely 
2 

unlikely  that  I L will  displace  many  of  the  existing  bipolar  and  ^DS  LSI 

technologies.  Emitter-coupled  logic  and  CMOS/SOS  technologies  are  the 

principal  competitors  for  high-speed  arrays.  The  principal  competitor 

for  very  dynamic  large  memories  is  n-MOS  and  CCD  technology.  CMOS  is 

of  particular  advantage  in  systems  that  can  exploit  the  very  low  static 

2 

power  dissipation.  Application  for  I L seems  particularly  strong  in 
very  complex  digital  LSI  arrays  which  must  operate  at  low  chip  power 
dissipation  at  moderate,  continuous  clock  rates. 
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ATTN:  Code  FUR,  R.  Amadori 

Commander 

Naval  Weapons  Center 

ATTN:  Code  533.  Tech.  Lib. 

Conmand ing  Officer 

Naval  Weapons  Evaluation  facility 
ATTN;  Code  ATG.  Mr.  Stanley 

Conmandinq  Officer- 

Naval  Weapons  Support  Center 

ATTN:  Code  7024,  J.  Ramsey 
ATTN:  Code  70242,  J.  Hunarin 

Conmandinq  Officer 

Nuclear  Weapons  Tnq.  Center,  Pacific 
ATTN;  Code  50 

Director 

Strategic  Systems  Project  Office 
ATTN:  NSP-27331.  P.  Spector 
ATTN;  NSP-2342,  R.  Coleman 
ATTN:  SP-2701.  J.  Pitsenberqer 

OEPARTMENT  OF  THE  AIR  FORCE 

AF  Aero-Propulsion  Laboratory,  AFSC 
ATTN;  POD.  P.  Stover 

AF  Institute  of  Technology,  AU 
ATTN:  ENP,  C.  Bridgman 

AF  Materials  Laboratory,  AfSC 
ATTN:  LTE 
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AF  Weapons  Laboratory,  AFSC 

SAMSO/SZ 

ATTN 

NXS 

ATTN 

SZJ,  J.  Saleh 

ATTN 

ELA 

ATTN 

ELP,  TREE  Section 

Commander  in  Chief 

ATTN 

ELS 

Strategic  Air  Command 

ATTN 

DEX 

ATTN 

XPFS,  B.  Stephan 

ATTN 

ELXT 

ATTN 

NRI-STINFO,  Library 

ATTN 

NT 

ATTN 

SUL 

DEfARXMEjg_ 

0EXNi,R_GJ 

* 

AFT  AC 

Department  of  Energy 

ATTN 

TFS,  M.  Schneider 

Albuquerque  Operations  Office 

ATTN 

TAE 

ATTN 

Doc.  Con.  for  WSSB 

t 

Air  Force  Avionics  Laboratory,  AFSC 

University  of  California 

ATTN 

AAT,  H.  Friar 

Lawrence  Livermore  Laboratory 

ATTN 

OHM,  C.  Friend 

ATTN 

Doc.  Con.  for  L-125,  J.  Keller,  Jr. 

ATTN 

DH,  Lt  Col  McKenzie 

ATTN 

Do'. . Con.  for  L-389,  W.  Hogan 

ATTN 

DHE,  H.  Hennecke 

ATTN 

Doc.  Con.  for  L-156,  E.  Miller 

ATTN 

Doc.  Con.  for  L-31,  F.  Kovar 

Cotimander, 

ASD 

ATTN 

Doc.  Con.  for  L-545,  D.  Meeker 

ATTN 

ASD/ENESS,  P.  Marth 

ATTN 

Doc.  Con.  for  L-531,  R.  Ott 

1 

ATTN 

ASD-YH-EX,  R.  Leverette 

ATTN 

Doc.  Con.  for  L-96,  H.  Kruger 

ATTN 

ENACC,  R.  Fish 

ATTN 

Doc.  Con.  for  L-156,  L.  Cleland 

ATTN 

Doc.  Con.  for  L-3,  Tech.  Info.  Dept. 

Headquarters 

Electronic  Systems  Division/YSEA 

Los  Alamos 

Scientific  Laboratory 

ATTN 

YSEA 

ATTN 

Doc.  Con.  for  B.  Noel 

ATTN 

Doc.  Con.  for  A.  Freed 

Headquarters 

Electronic  Systems  Division/YW 

Sandia  Laboratories 

ATTN 

YWEI 

ATTN 

Doc.  Con.  for  Orq.  2110,  J.  Hood 

ATTN 

Doc.  Con.  for  3141,  Sandia  Rpt.  Coll. 

Coitmander 

ATTN 

Doc.  Con.  for  Orq.  2140,  R.  Gregory 

1 

Foreiqn  Technology  Division,  AFSC 

ATTN 

ETD/PDOC 

OTHER  GOVERNMENT  AGENCY 

i 

ATTN 

ETDP 

Department  of  Commerce 

Commander 

National  Bureau  of  Standards 

Oqden  ALC/MMEDDE 

ATTN 

Sec.  Off.  for  J.  French 

ATTN 

MMETH,  R.  Joffs 

DEPARTMENT 

OF  DEFENSE  CONTRACTORS 

Cormiander 

Rome  Air  Development  Center,  AFSC 

Aerojet  Electro-Systems  Co. 

ATTN 

RBRP,  C.  Lane 

Div.  of  Aerojet-General  Corp. 

1 

ATTN 

RBRAC,  I.  Krulac 

ATTN 

T.  Hanscome 

Commander 

Aerospace  Corp. 

\ 

Rome  Air  Development  Center,  AFSC 

ATTN 

J.  Reinheimer 

ATTN 

ETS,  R.  Dolan 

ATTN 

T.  Garfunkel 

i 

ATTN 

ESD,  A.  Kahan 

ATTN 

S.  Bower 

ATTN 

ESR,  B.  Buchanan 

ATTN 

Library 

ATTN 

L.  Aukerman 

SAMSO/DY 

ATTN 

J.  Ditre 

ATTN 

OYS 

ATTN 

W.  Willis 

SAHSO/IN 

Avco  Research  & Systems  Group 

• 

ATTN 

IND,  I.  Judy 

ATTN 

A830,  Research  Lib. 

; 

SAMSO/MN 

BDM  Corp. 

, 

ATTN 

MNNH 

ATTN 

D.  Alexander 

SAMSO/RS 

Bendix  Corp. 

; 

ATTN 

: RSMG,  Capt  Collier 

Communication  Division 

ATTN 

: RSSE,  Lt  Col  K.  Gilbert 

ATTN 

Doc.  Con. 

SAMSO/SK 

Bendix  Corp. 

ATTN 

; SKF,  P.  Stabler 

Research  Laboratories  Division 

ATTN 

M.  Frank 

ATTN 

D.  Niehaus 

63 

1 

. . — ii 

i 


DEPARTMENT  Of.  .DEFENSE  CONTRACTORS  fContinuedJ 


DEPARTMENT  Of  .DEFENSE  CONTRACTORS  fCo.nt  inued J 


Boeing  Company 


ATTN 

H.  Wicklein 

ATTN 

Aerospace  Lib. 

ATTN 

D.  Egelkrout 

ATTN 

T.  Amura 

ATTN 

R.  Caldwell 

ATTN 

C.  Rosenberg 

Boot -Allen 

& Hamilton,  Inc. 

ATTN 

R.  Chrisner 

California 

Institute  of  Technology 

Jet  Propulsion  Laboratory 

ATTN 

J.  Bryden 

ATTN 

A.  Stanley 

Charles  Stark  Draper  Laboratory,  Inc. 

ATTN 

K.  Fertig 

ATTN 

P.  Kelly 

Cincinnati 

Electronics  Corp. 

ATTN 

C.  Stump 

ATTN 

L.  Hammond 

Control  Data  Corp. 

ATTN 

J.  Meehan 

Cutler-Hammer,  Inc. 

AIL  Division 

ATTN 

Central  Tech.  Files,  A.  Anthony 

University 

of  Denver 

Colorado  Seminary 

ATTN 

Sec.  Off.  for  F.  Venditti 

Oikewood  Industries,  Inc. 

ATTN 

L.  Davis 

E-Systems, 

Inc. 

Greenvil  le 

Division 

ATTN 

Library,  8-50100 

Effects  Technology,  Inc. 

ATTN 

E.  Steele 

Exp.  & Math  Physics  Consultants 

ATTN 

T.  Jordan 

Fairchild  Camera  & Instrument  Corp. 

ATTN 

Sec.  Dept,  for  2-233,  D.  Myers 

Fairchild 

ndustries,  Inc. 

Sherman  Fairchild  Technology  Center 

ATTN 

Mgr.  Config.  Data  S Standards 

University  of  Florida 

An  Institution  of  Education 

ATTN 

P.  Rambo  for  D.  Kennedy 

Ford  Aerospace  & Communications  Corp. 

ATTN 

Tech.  Info.  Section 

ATTN 

K.  Attinger 

ATTN 

E.  Poncelet,  Jr. 

Ford  Aerospace  S Conmunications  Corp. 

ATTN 

MS  G30.  D.  McHorrow 

ATTN 

MS  X22,  E.  Hahn 

ATTN 

MS  531,  S.  Crawford 

The  Franklin  Institute 


ATTN 

R.  Thompson 

Garrett  Corporation 

ATTN 

Dept.  93-9,  R. 

Weir 

General  Electric  Company 
Space  Division 

ATTN 

L.  Chasen 

ATTN 

VFSC,  J.  Peden 

ATTN 

J.  Andrews 

General  Electric  Company 

Re-Entry  & 

Environmental  Systems 

ATTN 

R.  Benedict 

ATTN 

W.  Patterson 

ATTN 

J.  Palchefsky, 

Jr. 

General  Electric  Company 
Ordnance  Systems 

ATTN 

J.  Reidl 

General  Electric  Company 

TEMPO-Center  for  Advanced  Studies 

ATTN 

M.  Espig 

ATTN 

W.  McNamara 

ATTN 

R.  Rutherford 

ATTN 

DAS  I AC 

General  Electric  Co(i\pany 

Aircraft  Engine  Business  Group 
ATTN:‘  E 2.  J.  Ellerhorst 

General  Electric  Company 

Aerospace  Electronics  Systems 

ATTN;  Drop  624,  C,  Hewison 

General  Electric  Company 

ATTN;  Drop  160  D.  Pepin 

General  Research  Corporation 

Santa  Barbara  Division 
ATTN;  R.  Hill 

Georgia  Institute  of  Technology 

Georgia  Tech.  Research  Institute 
ATTN;  R.  Curry 

Grunman  Aerospace  Corporation 
ATTN;  J.  Rogers 

GTE  Sylvania,  Inc. 

Electronics  Systems  Grp-Eastern  Div. 
ATTN;  Librarian,  C.  Thornhill 
ATTN;  J.  Waldon 
ATTN;  L.  Blaisdell 

GTE  Sylvania,  Inc. 

ATTN;  J.  Waldron 
ATTN;  P.  Fredrickson 
ATTN;  H.  Ullman 
ATTN;  HAV  Group 
ATTN;  C.  Ramsbottom 

Gulton  Industries,  Inc. 

Engineered  Magnetic  Division 

ATTN;  Engn.  Magnetics  Div. 
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Harris  Corporation 
Harris  Semiconductor  Division 
ATTN:  T.  Clark 

Hateltine  Corporation 

ATTN:  Tech.  Info.  Ctr. , M.  Waite 

Honeywell  Incorporated 
Avionics  Division 

ATTN:  A1622,  R.  Johnson 
ATTN:  MS  S2572,  R.  Kell 


Honeywell  Incorporated 
Avionics  Division 


ATTN 

MS 

725-5A,  H.  Noble 

ATTN 

MS 

725-5.  S.  Graff 

Honeywel 1 

ncorporated 

Radiation  Center 

ATTN 

Tech.  Lib. 

Hughes  Aircraft 

Company 

ATTN 

MS 

D157.  K.  Walker 

ATTN 

MS 

6-E-llO,  B.  Campbell 

ATTN 

MS 

6-D147,  D.  Binder 

ATTN 

MS 

6-D133,  J.  Singletary 

Hughes  Aircraft 

Company,  El  Segundo  Site 

ATTN 

MS 

A620,  E.  Smith 

ATTN 

MS 

A1080,  W.  Scott 

IBM  Corporation 

ATTN 

F. 

Frankovsky 

ATTN 

H. 

Mathers 

IIT  Research  Institute 
ATTN:  I.  Mindel 

Inti.  Tel.  A Telegraph  Corporation 
ATTN:  A.  Richardson 

Ion  Physics  Corporation 
ATTN:  R.  Evans 

IRT  Corporation 

ATTN:  R.  Mertz 
ATTN : HDC 
ATTN:  L.  Cotter 

Jaycor 

ATTN:  E.  Wenaas 

Jaycor 

ATTN:  C.  Turesko 
ATTN:  R.  Sullivan 

Johns  Hopkins  University 
Applied  Physics  Laboratory 
ATTN-  P.  Partridge 

Kaman  Sciences  Corporation 
ATTN:  A.  Bridges 
ATTN:  J.  Hoffman 
ATTN:  D.  Bryce 
ATTN:  J.  Lubell 
ATTN:  W.  Rich 
ATTN:  W.  Ware 
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Litton  Systems,  Inc. 

Guidance  .A  Control  Systems  Division 


ATTN: 

R.  Maughmer 

ATTN: 

J.  Retzler 

ATTN: 

V.  Ashby 

ATTN: 

W.  Mras 

Litton  Systems,  Inc. 

Electron  Tube  Division 

ATTN:  F.  McCarthy  | 

Lockheed  Missiles  & Space  Co.,  Inc.  i 

ATTN:  Dept.  81-14,  B.  Kimura  i 

ATTN:  D/81-14,  G.  Heath  ] 

ATTN:  Dept.  85-85,  E.  Smith 
ATTN:  Dept.  85-85,  S.  Taimuty 
ATTN:  Dept.  81-64,  L.  Rossi 

Lockheed  Missiles  S Space  Co.,  Inc. 

ATTN:  Tech.  Info.  Ctr.,  D/Coll. 

MIT  Lincoln  Laboratory 

ATTN:  A-082  Librarian,  L.  Loughlin 

Martin  Marietta  Corporation 
Orlando  Division 

ATTN:  MP-537,  J.  Ashford 

ATTN:  Lib.  MP-30,  M.  Griffith 

Martin  Marietta  Corporation  1 

Denver  Division 

ATTN:  6617  Research  Lib.,  S.  McKee 

ATTN:  MS0452,  J.  Goodwin 

ATTN:  MS8203,  P.  Kase 

ATTN:  MSP0454,  B.  Graham 

McDonnell  Douglas  Corporation 
ATTN:  t.  Ender 

ATTN:  Tech.  Lib. 

McDonnell  Douglas  Corporation 
ATTN:  S.  Schneider 

McDonnell  Douglas  Corporation  I 

ATTN:  Cl-290/36-84,  Tech.  Lib.  I 

Mission  Research  Corporation  i 

ATTN:  W.  Hart 
5 cy  ATTN:  Tech.  Lib. 

Mission  Research  Corporation 
EM  System  Applications  Division 
ATTN:  D.  Merewether 

Mission  Research  Corporation-San  Diego  • 

ATTN:  J.  Raymond 
ATTN:  V.  Van  Lint 

The  MITRE  Corporation 

ATTN:  M.  Fitzgerald 

National  Academy  of  Sciences 
National  Materials  Advisory  Board 

ATTN:  Nat.  Materials  Advsy.  for  R.  Shanr  i 

University  of  New  Mexico 

Electrical  Engineering  A Computer  Science  Dept.  ; 

ATTN:  H.  Southward 
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Northrop  Corporation 
Electronic  Division 


ATTN 

ATTN 

ATTN 


G.  Townei- 
J.  Srour 
B.  Ahlport 


Northrop  Corporation 
Electronic  Division 


ATTN 

ATTN 

ATTN 


V.  Demartino 
J.  Russo 
J.  Reynolds 


Palisades  Inst,  for  Rsch.  Services,  Inc. 

ATTN-  Records  Supervisor 

Physics  International  Company 

ATTN:  Doc.  Con.  for  C.  Stallings 
ATTN:  Doc.  Con.  for  J.  Huntington 

RiD  Associates 

ATTN:  S.  Rogers 

The  Rand  Corporation 
ATTN:  C.  Crain 

Raytheon  Company 

ATTN:  Radar  Sys.  Lab.,  G.  Joshi 

Raytheon  Company 

ATTN:  H.  Flescher 

RCA  Corporation 
Government  Systems  Division 
Astro  Electronics 

ATTN:  G.  Brucker 

RCA  Corporation 
Camden  Complex 

ATTN:  E.  Van  Keuren 

Rensselaer  Polytechnic  Institute 
ATTN:  R.  G-jtmann 

Research  Triangle  Institute 

ATTN-  Sec.  Off.  for  Eng.  Oiv.,  M.  Simons,  Jr. 

Rockwell  International  Corporation 
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Science  Applications,  Inc. 

ATTN:  R.  Beyster 

Science  Applications,  Inc. 

Huntsville  Division 
ATTN:  N.  Byrn 

Science  Applications,  Inc. 

ATTN:  R.  Hill 

The  Singer  Company  (Data  Systems) 

ATTN:  Tech.  Info.  Center 

The  Singer  Company 

ATTN:  Sec.  Manager  for  T.  Goldman 

Sperry  Flight  Systems  Division 

Sperry  Rand  Corporation 
ATTN:  A.  Sc  how 

Sperry  Rand  Corporation 

Sperry  Division 

ATTN:  P.  Maraffino 
ATTN:  r.  Craig 

Sperry  LInivac 

ATTN:  MS  41T25,  J.  Inda 

SRI  International 

ATTN:  P.  Dolan 
ATTN:  A.  Whitson 

SRI  International 

ATTN:  H.  Morgan 

Sundstrand  Corporation 
ATTN:  C.  White 

Systron-Donner  Corporation 
ATTN:  G.  Dean 
ATTN:  H.  Morris 

Texas  Instruments,  Inc. 

ATTN:  MS72,  D.  Manus 

Texas  Tech.  University 
ATTN:  T.  Simpson 
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ATTN; 

K. 

Hull 

ATTN: 

D. 

Stevens 

TRW  Defense 

A Space  Sys.  Group 

ATTN: 

N. 

Rudie 

2 cy  ATTN; 

Rl-2078,  R.  Plebuch 

ATTN: 

G. 

Messenger 

ATTN: 

Rl-2036,  H.  Holloway 

ATTN: 

J. 

Bell 

ATTN: 

S-1930,  Tech.  Info.  Center 

2 cy  ATTN: 

Rl-1144,  0.  Adams 

Rockviell  International  Corporation 
ATTN:  T.  Yates 

Rockwell  International  Corporation 
Collins  Division 

ATTN:  A.  Langenfeld 

Sanders  Associates,  Inc. 

ATTN:  NCA  1-3236,  M.  Aitel 

Science  Applications,  Inc. 

ATTN:  W.  Chadsey 

Science  AppI ications.  Inc 
ATTN:  F.  Tesche 


TRW  Defense  A Space  Sys.  Group 
San  Bernardino  Operations 
ATTN:  F.  Fay 
ATTN:  R.  Ritter 

United  Technologies  Corporation 
ATTN:  R.  Giguere 

Vought  Corporation 

ATTN:  Tech.  Data  Ctr. 

Westinqhouse  Electric  Corporation 
Defense  A Electronic  Systems  Ctr. 
ATTN:  MS  3525,  H.  Kalapaca 
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